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warfare.  This  research  work  was  completed  as  part  of  the  Ph.  D.  degree  studies  of  Kim  Hansung, 
Basker  Veeraraghavan  and  Swaminatha  Prabu  Kumaraguru  in  the  Department  of  Chemical 
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Deposition  Process”  Submitted  to  Electrochim.  Acta 

2.  Basker  Veeraraghavan,  Hansung  Kim,  Bala  Haran  and  Branko  Popov,  ^‘Comparison 
of  Mechanical,  Corrosion  and  Hydrogen  Permeation  Properties  of  Electroless  Ni-Zn- 
P  Alloys  with  Electrolytic  Zn-Ni  and  Cd  Coatings'"'  accepted  for  publication  in 
Corrosion. 

3.  Swaminatha  P  Kumaraguru,  Basker  Veeraraghavan  and  Branko  N.  Popov  ,  "Novel 
Plating  Process  for  the  Deposition  of  Zn-Ni-Cu  as  a  Replacement  for  Cadmium 
Coatings  f  Submitted  to  J.Electrochem.  Soc. 

4.  Swaminatha  P  Kumaraguru,  Basker  Veeraraghavan  and  Branko  N.  Popov  ,  "Non- 
Aanomalous  Ni-Zn  alloys  for  the  Corrosion  Protection  of  SteeC,  Under  review 

The  research  described  in  this  report  includes  the  deposition  of  novel  ternary  Zn-Ni-Cu  alloy  to 
inhibit  corrosion  and  hydrogen  embrittlement  of  steel  substrates.  Also  a  mathematical  model  to 
study  the  electroless  Ni-Zn-P  has  been  described.  Further  study  includes  the  development  of  an 
electrolytic  process  deposit  high  Ni-Zn  alloys.  The  use  of  these  alloys  holds  promise  in  replacing 
cadmium  as  they  may  provide  enhanced  hydrogen  permeation  inhibition  while  simultaneously 
protecting  the  steel  against  galvanic  corrosion. 
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Executive  Summary 


A  mathematical  model  based  on  mixed  potential  theory  has  been  developed  to  explain  the 
reactions  happening  during  electroless  Ni-Zn-P  deposition  process.  The  mathematical  model  was 
developed  by  assuming  an  adsorption  step  in  the  reaction  mechanism  in  addition  to  the 
electrochemical  step.  Based  on  the  model,  it  was  seen  that  adsorption  plays  a  significant  role  in 
the  deposition  process.  It  was  also  seen  that  addition  of  Zn  ions  to  the  bath  inhibits  the  deposition 
process  by  changing  the  surface  coverages  for  the  adsorbed  reactants  on  the  electrode  surface. 
This  inhibition  effect  was  also  experimentally  analyzed  by  studying  the  effect  of  Zn  ions  on 
polarization  resistance  of  the  deposition  process.  The  composition  of  the  coating  was  predicted 
from  the  model  by  obtaining  the  partial  current  densities  for  Ni,  Zn  and  P  deposition  reactions. 
The  effect  of  pH  on  the  deposition  process  was  also  studied  using  the  model.  The  results 
obtained  from  the  model  agree  well  with  the  experimental  observations,  confirming  the 
mechanism  assumed  in  the  mathematical  model. 

In  addition  to  the  corrosion  and  engineering  properties  of  the  Ni-Zn-P  alloys,  hydrogen 
permeation  characteristics  of  the  electroless  Ni-Zn-P  alloy  was  studied  and  compared  with  that 
of  Cd  and  Zn-Ni  coatings.  The  exchange  current  density,  4;  thickness  dependent  adsorption- 

absorption  rate  constant,  k' ;  recombination  rate  constant,  ;  and  the  surface  hydrogen  coverage, 

0s  that  characterize  the  hydrogen  evolution  kinetics  of  the  coatings  were  obtained  by  applying  a 
mathematical  model  to  experimental  results.  From  the  resulting  data  analysis,  Ni-Zn-P  alloy  was 
seen  not  only  to  provide  longer  life  under  corroding  media,  but  also  reduces  greatly  the  risk  of 
the  substrate  being  exposed  to  hydrogen  embrittlement  when  compared  to  electrodeposited  Cd 
and  Zn-Ni  coatings.  Apart  from  replacing  these  two  coatings,  Ni-Zn-P  coatings  can  also  be  used 
under  cathodic  protection  due  to  their  low  hydrogen  permeation  characteristics. 

Further  studies  were  performed  to  replicate  the  electroless  Ni-Zn-P  by  an  electrolytic 
process.  A  novel  electrolytic  method  for  obtaining  non-anomalous  Ni-Zn  coatings  with  high  Ni 
content  (72-wt%  as  compared  to  15-20  wt%  in  conventional  Zn-Ni  deposition)  has  been 
developed.  Ni-Zn  coatings  were  cathodically  deposited  from  alkaline  sulfate  electrolytes  in  the 
presence  of  complexing  agents  and  additives.  The  Zn  content  in  the  coating  was  optimized  based 
on  the  corrosion  resistance  and  corrosion  potential  of  the  final  deposit.  The  higher  amount  of 
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nickel  content  in  the  deposit  induces  barrier  properties  and  the  presence  of  zinc  helps  to  maintain 
the  sacrificial  nature  of  the  coating.  Corrosion  potential  of  the  optimized  Ni-Zn  alloy  was  -0.678 
V  vs.  SCE.  This  low  potential  is  a  result  of  the  decreased  Zn  content  in  the  deposit.  Deposition 
parameters  such  as  applied  potential  and  pH  have  been  optimized  based  on  composition  of  the 
coating  and  the  surface  morphology.  Corrosion  studies  show  that  Ni-Zn  coatings  obtained  using 
this  method  show  a  higher  barrier  resistance  and  better  stability  as  compared  to  Cadmium 
coatings 

In  order  to  obtain  a  composite  ternary  Zn-Ni  alloy  with  out  cadmium,  a  novel  plating 
process  for  the  electrodeposition  of  Zn-Ni-Cu  was  developed.  The  inclusion  of  the  ternary 
alloying  element  copper  into  the  deposit  decreases  the  Zn:Ni  ratio  with  simultaneous  increase  in 
the  nickel  content.  An  effective  method  to  control  the  Zn:Ni  ratio  has  been  optimized.  It  has  been 
shown  that  use  of  1  g/L  of  CUSO4  in  the  Zn-Ni  bath  leads  to  copper  codeposition  along  with  Zn 
and  Ni.  The  Zn-Ni  alloy  deposit  is  enriched  with  a  high  content  of  nickel  and  the  Zn:Ni  ratio  is 
lowered  to  1.3:1.  Corrosion  resistant  Zn-Ni-Cu  alloy  of  composition  Zn  —  45%,  Ni  -  35%  and 
Cu-20%  was  obtained.  The  corrosion  characteristics  of  the  Zn-Ni-Cu  coating  showed  a  five  times 
increase  in  the  corrosion  resistance  in  comparison  with  conventional  Zn-Ni  alloys.  The  corrosion 
potential  of  the  Zn-Ni-Cu  alloy  obtained  was  -0.69  V  vs  SCE.  This  low  potential  is  a  result  of 
the  decreased  Zn  content  in  the  deposit.  Owing  to  its  high  barrier  resistance  and  superior 
corrosion  properties,  Zn-Ni-Cu  alloy  is  proposed  as  an  ideal  replacement  for  cadmium  coatings 
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1.  Introduction 


Steel  substrates  are  electrodeposited  with  sacrificial  coatings  for  corrosion  protection.  Zn, 
Zn-Ni,  Zn-Co  and  Cadmium  alloys  are  some  of  the  widely  used  sacrificial  coatings  [1-8].  Among 
them  cadmium  coatings  are  considered  very  reliable  owing  to  their  superior  corrosion  and 
engineering  properties  [2].  However,  the  cadmium  coatings  are  highly  toxic  and  they  are 
generally  prepared  fi-om  toxic  cyanide  baths  [3].  Also  cadmium  plating  introduces  large  amount 
of  hydrogen  in  the  underlying  substrate,  thus  increasing  the  susceptibility  of  the  substrate  to 
hydrogen  embrittlement  [4].  Growing  ecological  concerns  in  recent  years  have  led  to  the  search 
for  an  alternative  coating  that  can  effectively  replace  cadmium.  Zinc  deposits  exhibit  excellent 
sacrificial  behavior.  However,  a  high  dissolution  rate  and  poor  mechanical  properties  limit  the 
use  of  Zn  coatings  in  the  automotive  industry.  Alloying  of  zinc  with  noble  metals  like  nickel  has 
proved  to  increase  the  corrosion  resistance  and  mechanical  properties  of  zinc  coatings.  Zn-Ni 
alloys  are  considered  as  a  viable  alternative  to  cadmium  coatings  [6-11].  Zn-Ni  alloys  containing 
15-20  wt%  of  nickel  possess  four  times  more  corrosion  resistance  than  cadmium-titanium 
coatings  [12].  Although  zinc  is  less  noble  than  nickel,  the  electrodeposition  of  Zn-Ni  results  in 
the  preferential  deposition  of  the  zinc  and  a  higher  amount  of  zinc  is  observed  in  the  final 
deposit.  Therefore,  Brenner  classifies  Zn-Ni  codeposition  as  anomalous  [13].  The  mechanism  for 
the  preferential  deposition  of  Zn  has  been  discussed  extensively  in  literature  [13,14].  Due  to  the 
higher  percent  of  zinc  in  the  coating,  these  alloys  are  more  electronegative  than  cadmium  and 
hence  dissolve  rapidly  in  corrosive  environments.  Any  further  increase  in  nickel  composition  is 
based  on  using  a  higher  than  predicted  Ni/Zn  ratio  in  the  bath  [15,16].  Though  Zn-Ni  alloys  have 
good  corrosion  resistance  in  comparison  with  Zn  coating,  further  development  for  better  coating 
and  corrosion  characteristics  is  of  commercial  interest.  An  enhancement  in  the  nickel 
composition  of  these  alloys  would  lead  to  more  anodic  open  circuit  potential,  which  will  in  turn 
reduce  the  driving  force  for  galvanic  corrosion.  Also  the  barrier  properties  of  the  coating 
increases  with  increased  nickel  content  in  the  deposit.  Several  attempts  have  been  made  earlier  to 
decrease  the  anomaly  and  increase  the  nickel  content  by  either  introducing  an  inert  species  in  the 
bath  or  by  developing  a  ternary  alloy  [17-24].  Nonyl  phenyl  polyethylene  oxide  (NPPO)  has  been 
used  to  reduce  the  Zn-Ni  ratio  and  produce  more  corrosion  resistant  deposits.  NPPO  inhibited 
zinc  electrodeposition  and  acted  as  a  leveling  agent  as  seen  in  our  earlier  studies  on  the 
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deposition  of  zinc  and  galvanostatic  pulse  and  pulse  reversal  plating  of  Zn-Ni  alloys  from  sulfate 
electrolytes  [20,2 1  ] . 

Codeposition  of  phosphorous  along  with  Zn-Ni  alloy  improves  the  corrosion  resistance 
[17]  and  hydrogen  permeation  [18]  characteristics  of  the  deposit.  Zhou  et  al  [19]  have  studied  the 
effect  of  tin  additions  on  the  anomalous  deposition  behavior  of  Zn-Ni  alloys.  The  nickel  ratio 
increased  from  6  to  8  %  with  the  addition  of  small  amounts  of  tin.  Earlier,  we  have  developed  a 
novel  plating  process  for  the  electrodeposition  of  Zn-Ni-Cd  coatings  [22-24].  It  was  found  that 
use  of  small  of  ternary  alloying  elements  like  cadmium  can  effectively  control  the  Zn-Ni  ratio. 
Cadmium  codeposition  was  observed  with  a  significant  decrease  in  the  Zn-Ni  ratio.  The  Zn-Ni 
ratio  [24]  was  as  low  as  1.7:1.  Also  the  corrosion  resistance  of  the  coating  was  improved  by  an 
order  of  magnitude  when  compared  to  that  of  commercial  Zn-Ni  and  cadmium  coatings.  The 
inclusion  of  ternary  element  like  cadmium  prevented  the  hydrogen  entry  in  to  the  substrate  as 
compared  to  the  Zn-Ni  alloy  and  cadmium  coatings  [23].  However,  the  trace  of  cadmium  present 
in  the  bath  poses  ecological  concerns.  Hence  the  objective  of  the  present  study  is  to  develop 
cadmium  free  coatings  that  can  effectively  replace  cadmium.  The  goal  of  the  present  study  is  to 
develop  a  unique  plating  process  for  the  deposition  of  Zn-Ni-Cu  ternary  alloys,  which  will  induce 
barrier  properties  to  the  sacrificial  Zn-Ni  alloy  and  increase  the  life  of  the  coating.  An  increase  in 
the  nickel  content  of  the  deposit  with  a  simultaneous  decrease  in  the  Zn:Ni  ratio  is  expected  on 
alloying  with  the  ternary  element  copper.  This  leads  to  a  decrease  in  the  sacrificial  potential, 
which  is  the  primary  driving  force  for  the  faster  dissolution  of  Zn-Ni  alloy. 

Autocatalytic  reduction  of  metals  and  alloys  offers  an  attractive  and  alternate  method  of 
increasing  the  amount  of  Ni  in  the  final  deposit.  Electroless  deposition  has  been  used  to  form  a 
thin  and  uniform  Ni-Zn  -P  film  from  both  sulfate  and  chloride  baths.  Previous  efforts  have  shown 
that  Ni-Zn-P  plating  follows  normal  deposition  with  high  Ni  content  (85-90%)  and  excellent 
corrosion  properties  [25-27].  However,  in  these  cases,  the  amount  of  Zn  remains  low  (~10  wt%) 
and  hence  the  potential  (-476  mV  vs.  SCE)  is  more  positive  to  steel  (-590  mV  vs.  SCE).  Thus 
these  deposits  could  not  be  used  as  a  sacrificial  coating  to  protect  steel.  Previously,  we  have 
developed  Ni-Zn-P  alloys  from  an  alkaline  electrolyte  with  optimum  amount  of  Zn  content  that 
offers  sacrificial  protection  to  steel  substrates  [28].  The  corrosion  and  hydrogen  permeation 
characteristics  of  these  newly  developed  composite  coatings  were  compared  with  that  of 
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cadmium  [29].  These  studies  showed  that  the  developed  Ni-Zn-P  alloys  exhibit  better  corrosion 
and  hydrogen  permeation  properties  than  Cd.  The  inclusion  of  Zn  in  the  final  deposit  has  been 
studies  by  several  authors  [25-27].  However,  the  meehanism  of  deposition  has  not  been  explored 
in  detail  [25-27].  In  the  present  study  a  model  based  on  mixed  potential  theory  has  been  used  to 
elucidate  the  Ni-Zn-P  deposition  proeess. 

Mixed  potential  theory  was  used  initially  by  Paunovic  [30]  and  then  by  Donohue  [31]  to 
explain  the  electroless  deposition  processes.  Aecording  to  the  mixed  potential  theory,  the 
electroless  plating  process  occurs  due  to  a  eombination  of  the  oxidation  and  reduction  reactions, 
the  rates  of  which  are  equal  and  opposite  at  any  given  time  of  deposition.  Bindra  and  Roldan 
[32],  and  then  Ohno  et.  al.  [33]  have  done  electrochemical  studies  on  eleetroless  deposition 
processes  and  reported  that  the  reactions  occurring  during  an  electroless  process  can  be  explained 
by  an  electrochemical  mechanism.  Ramasubramanian  et.  al.  also  showed  that  electroless 
deposition  of  copper  from  a  formaldehyde  bath  can  be  explained  using  mixed  potential  theory 
[34].  For  the  case  of  nickel  electroless  deposition,  the  mechanism  is  not  clearly  understood  and 
still  debatable.  Abrantes  and  Correia  proposed  a  mechanism  based  on  adsorption  of 
hypophosphite  and  subsequent  electrochemical  reduction  of  Ni  for  explaining  the  electroless 
deposition  of  Ni-P  alloys  [35].  However,  Paunovic  and  Schlesinger  have  shown  that  the 
electroless  deposition  of  nickel  in  the  presence  of  DMAB  can  be  explained  by  mixed  potential 
theory  [36].  Kim  and  Sohn  explained  the  electroless  deposition  of  Ni-P  from  an  acidie  bath  on  a 
rotating  disk  electrode  with  the  help  of  a  mathematical  model  based  on  mixed  potential  theory 
[37].  In  general,  the  electrochemical  mechanism  has  been  favored  for  explaining  the  electroless 
deposition  processes.  In  this  study,  a  mathematical  model  based  on  mixed  potential  theory  was 
developed  to  explain  the  reactions  occurring  at  steady  state  on  a  rotating  disk  electrode  surface. 

On  the  other  hand,  Ni-Zn  alloys  with  increased  nickel  content  in  the  deposit  were 
developed  by  an  electrolytic  process.  It  has  been  previously  observed  [38]  that  Zn  is  eo-deposited 
during  potentiostatic  deposition  from  a  Zn-Ni  bath  in  the  potential  range  —0.7  to  —0.9  V  vi’. 
Ag/AgCl.  This  produces  a  non-anomalous  coating  with  70-wt%  Ni.  [16].  However,  the  deposits 
have  high  stresses  and  poor  adhesion  in  such  cases  and  cannot  be  used  as  proteetive  coatings.  In 
this  study,  a  novel  plating  process  was  developed  for  deposition  of  Ni-Zn  composites  from  an 
alkaline  bath  with  high  Ni  content.  In  other  words,  the  second  part  of  this  study  is  focused  on 
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developing  non-anomalous  Ni-Zn  coatings  which  provide  sacrificial  protection  to  steel  and  have 
low  dissolution  rates.  The  corrosion  characteristics  of  these  newly  developed  composite  coatings 
were  estimated  using  standard  electrochemical  techniques  and  were  compared  to  those  of 
cadmium. 

Several  techniques  have  been  used  to  decrease  the  problem  of  hydrogen  embrittlement  of 
steel.  These  include  post-treatment  annealing,  laser  surface  modification  and  shot  preening  [46- 
49].  These  methods  however,  do  not  decrease  the  hydrogen  entry  below  a  safe  level  that  can 
prevent  cracking  hazards.  On  the  other  hand,  electroplating  of  the  substrate  with  a  suitable 
metal/alloy  coating  holds  promise  in  reducing  the  hydrogen  influx  into  the  metal  [50].  However, 
the  necessary  prerequisite  for  such  coatings  is  that  they  should  have  the  intrinsic  capability  of 
providing  sacrificial  protection  should  the  substrate  be  exposed.  Jin-Ming  Chen  and  Jiann-Kuo 
Wu  [51]  reported  the  effect  of  copper,  tin,  silver  and  nickel-plating  on  hydrogen  permeation 
inhibition  in  AISI  4140  steel.  It  was  found  that  copper  and  tin  effectively  reduced  the  hydrogen 
permeation  by  over  80%.  However,  the  corrosion  resistance  behavior  was  not  presented  for  these 
electrodeposited  metals  and  comparing  the  standard  potentials  of  these  alloys  reveals  that  should 
the  substrate  become  exposed,  the  substrate  instead  of  the  coating  would  corrode.  Cadmium 
plating  has  been  extensively  used  as  a  corrosion  resistant  coating  on  hard  steel  for  various 
applications  [50].  Zamanzadeh  et  al.  found  that  deposits  of  cadmium  reduced  the  hydrogen 
adsorption  on  iron  [52].  In  a  report  of  our  latest  work,  we  had  presented  results  on  a  novel 
electroless  process  that  gave  rise  to  the  deposition  of  high  Ni  content  (74-wt%)  Ni-Zn-P  alloys 
that  can  be  applied  as  a  sacrificial  coating  for  steel  substrates.  The  developed  Ni-Zn-P  alloys 
possess  excellent  corrosion  properties  as  compared  to  Cd  coatings.  The  objective  of  this  work  is 
to  determine  the  hydrogen  permeation  properties  of  the  Ni-Zn-P  deposits  and  compare  it  with 
that  of  Zn-Ni  and  Cd  deposits  obtained  fi’om  commercial  baths.  Several  models  have  tried  to 
explain  hydrogen  entry  into  metal  substrates  and  to  evaluate  kinetic  parameters  of  hydrogen 
evolution  and  permeation  based  on  experimental  data  [53-58].  The  most  significant  of  them  is 
the  model  proposed  by  Iyer  et  al.  [56].  However,  an  important  assumption  used  in  this  model  is 
the  low  hydrogen  coverage,  and  cannot  be  applied  when  the  hydrogen  coverage  is  high.  The  basic 
IPZ  model  was  then  modified  by  Iyer  et  al.  [57]  to  accommodate  high  hydrogen  surface  coverage 
and  in  this  paper,  this  modified  model  has  been  used  to  analyze  the  experimental  results  during 
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instances  of  increased  surface  coverage.  The  effect  of  various  kinetic  parameters  of  hydrogen 
evolution  on  the  permeation  current  density  under  various  degrees  of  cathodic  polarization  was 
predicted  from  the  analysis. 
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2.  Experimental 


Sample  Preparation:-  Plating  and  subsequent  corrosion  studies  were  done  on  low  carbon  cold- 
rolled  steel  foils  with  thickness  of  0.5  mm  and  area  of  25  x  25  mm.  Initially,  the  steel  sample 
was  mechanically  polished  with  successive  finer  grades  of  emery  paper.  The  samples  were  then 
degreased  with  alcohol  and  rinsed  with  de-ionized  water.  Next,  the  samples  were  treated  in  10  % 
(v/v)  H2SO4  solution  for  1  minute  to  remove  any  adherent  oxide  layer  present  on  the  surface. 
Electroless  deposition  ofNi-Zn-P:-  Ni-Zn-P  composites  were  prepared  from  a  bath  containing  35 
g/L  NiS04  in  the  presence  of  complexing  agents.  Sodium  hypophosphite  was  used  as  a  reducing 
agent  for  the  auto-catalytic  process  and  as  a  source  of  P  in  the  final  deposit.  The  depositions  were 
carried  out  in  alkaline  electrolytes.  Ni-Zn-P  coatings  with  different  amounts  of  Zn  were  obtained 
by  varying  the  amount  of  ZnS04.7H20  in  the  bath.  The  deposition  temperature  was  maintained  at 
85±1  "C  using  a  double-jacketed  vessel  with  a  temperature  controller.  The  deposition  time  was 
kept  constant.  .  The  pH  was  maintained  at  10.5  during  the  deposition  process  by  addition  of 
sodium  hydroxide.  All  solutions  were  prepared  with  analytical  grade  reagents  (obtained  from 
Sigma-Aldrich)  and  distilled  water.  The  experimental  conditions  are  given  in  Table  1.  A  steel 
rotating  disk  electrode  was  used  as  the  working  electrode,  while  a  platinum  wire  served  as  a 
counter  electrode.  A  standard  calomel  electrode  (SCE)  was  used  as  a  reference  electrode.  In  the 
model,  appropriate  corrections  were  made  for  the  potential  of  the  SCE  with  respect  to  the 
temperature  of  the  deposition  process  (Esce  at  85  °C  =  -0.195  V  vs.  NHE).  The  mixed  potential 
for  the  deposition  was  then  measured  using  a  standard  calomel  electrode  (SCE).  Linear 
polarization  studies  during  the  deposition  process  were  obtained  by  scanning  the  potential  10  mV 
above  and  below  the  deposition  potential  after  initiating  the  deposition  process. 

Electrolytic  Ni-Zn  process:  Ni-Zn  composites  were  prepared  from  a  bath  of  alkaline  sulfate 
electrolytes  similar  to  the  bath  used  in  our  electroless  process  [28].  Complexing  agents  were  used 
to  prevent  Ni  and  Zn  from  precipitating.  Steel  foil  was  used  as  the  substrate.  Ni-Zn  coatings  with 
different  amounts  of  Zn  were  obtained  by  varying  the  applied  potential  and  also  by  varying  the 
amount  of  ZnS04.7H20  in  the  bath.  The  deposition  was  carried  out  at  60  "C  unless  otherwise 
mentioned.  The  pH  was  maintained  at  10.5  during  the  deposition  and  was  maintained  by  addition 
of  NaOH.  The  deposition  time  was  changed  according  to  the  required  thickness  of  the  coating. 
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Ternary  Zn-Ni-Cu  alloy  deposition:  Preliminary  studies  were  performed  from  an  electrolytic  bath 
of  60g/L  NiS04.6H20,  30  g/L  ZnS04.7H20  and  CUSO4.  The  amoimt  of  CUSO4  is  varied  to 
control  the  Zn:Ni  ratio  as  desired.  Complexing  agents  and  additives  were  used  to  further  improve 
the  properties  of  the  deposit.  The  samples  were  electrodeposited  potentiostatically  using  an 
EG&G  PAR  model  273  potentiostat  interfaced  with  a  computer.  A  three-electrode  setup  in  a 
jacketed  cell  was  used  to  plate  the  deposits.  The  steel  foils  prepared  as  described  above  were 
used  as  the  working  electrode.  Platinum  foil  of  equal  area  to  that  of  the  working  electrode  was 
used  as  a  counter  electrode  and  a  standard  calomel  electrode  (SCE)  was  used  as  a  reference 
electrode.  The  distance  between  the  working  and  coimter  electrode  was  maintained  at  a  constant 
value  of  1.5  cm.  The  deposition  time  was  changed  according  to  the  required  thickness  of  the 
coating.  All  solutions  were  prepared  with  analytical-grade  reagents  and  triply  distilled  water. 
Material  Characterization:-  Energy  Dispersive  Analysis  using  X-rays  (EDAX)  was  used  to 
analyze  the  distribution  of  the  elements  in  the  final  deposit.  To  ensure  accuracy  of  the  element 
distributions,  EDAX  analysis  was  done  at  several  points  on  the  surface  of  the  substrate.  The 
accuracy  of  the  measurements  for  the  equipment  used  was  rated  as  ±0.1 -wt%.  The  surface 
morphology  and  the  microstructure  of  the  coating  were  analyzed  using  Scanning  Electron 
Microscopy  with  the  help  of  Hitachi  S-2500  Delta  Scanning  Electron  microscope.  The  thickness 
of  the  specimens  was  measured  using  cross-sectional  SEM  analysis. 

Electrochemical  Characterization:-  A  variety  of  electrochemical  techniques  including  Linear  and 
Tafel  polarization  were  used  to  evaluate  the  barrier  resistance  properties  of  the  coating.  Since 
chemical  dissolution  of  Zn  occurs  in  both  acidic  and  alkaline  media,  the  electrochemical 
characterizations  were  carried  out  in  a  bath  containing  0.5M  Na2S04  and  0.5M  H3BO3  at  pH  7.0. 
The  electrochemical  characterization  was  done  using  an  EG&G  PAR  model  273A 
potentiostat/galvanostat  interfaced  with  a  computer  and  a  three-electrode  setup.  The  steel 
substrate  with  the  coating  was  used  as  the  working  electrode  and  a  platinum  mesh  was  used  as 
the  counter  electrode.  A  standard  calomel  electrode  (SCE)  was  used  as  the  reference  electrode. 
Hydrogen  Permeation  Characterization:-  For  the  hydrogen  permeation  studies,  one  side  of  the 
steel  membrane  is  coated  with  the  alloy  being  tested  and  the  other  side  of  the  steel  membrane 
was  electrodeposited  with  a  thin  layer  (0.15-0.2  pm)  of  palladium  to  avoid  corrosion  reactions 
on  steel  that  might  perturb  the  permeation  analysis.  Pd  deposition  was  carried  out  using  1x10^  M 
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potassium  tetranitropalladate  (K2Pd(N02)4)  at  a  current  density  of  200  pA/cm^  for  two  hours.  To 
ensure  uniformity  in  testing,  the  thickness  of  all  deposits  tested  was  kept  the  same  (2  pm  for  Ni- 
Zn-P/Cd/Zn-Ni  and  0.2  pm  for  Pd).  The  prepared  membrane  samples  were  then  fitted  into  the 
Devanathan  -  Stachurski  permeation  cell  [59].  This  cell  setup  consists  of  two  working 
compartments,  cathodic  and  anodic  chamber,  and  the  membrane  is  placed  between  two 
chambers.  The  palladium-plated  side  faces  the  anodic  side  and  the  side  with  the  deposit  faces  the 
cathodic  side.  Permeation  studies  were  performed  using  EG&G  PAR  model  273  potentiostat 
connected  to  each  side.  Platinum  mesh  was  used  as  the  counter  electrode  in  each  side  and  the 
membrane  was  used  as  a  bipolar  working  electrode.  Standard  calomel  (SCE,  with  a  standard 
potential  of  0.28  V  v^.  SHE)  and  mercuric  oxide  (Hg-HgO,  with  a  standard  potential  of  0.926  V 
vs.  SHE)  reference  electrodes  were  used  for  the  cathodic  and  anodic  sides  respectively.  The 
anodic  compartment  was  filled  with  0.2  M  of  NaOH  solution  and  potential  was  kept  at  -0.3  V  vs. 
Hg/HgO  reference  electrode  until  the  background  current  falls  below  0.5  pA/cm  .  This  value 
corresponds  to  a  practically  zero  concentration  of  atomic  absorbed  hydrogen  on  the  surface. 
Then,  the  cathodic  compartment  was  filled  with  a  supporting  electrolyte  containing  0.5  M 
Na2S04  +  0.5  M  H3BO3  solution  at  pH  7.0.  Nitrogen  was  purged  on  both  sides  throughout  the 
experiment  in  order  to  remove  dissolved  oxygen  fi:om  the  electrolytes.  The  membrane  on  the 
cathodic  side  of  the  cell  was  polarized  potentiostatically,  creating  conditions  for  hydrogen 
evolution.  Hydrogen  generated  on  the  cathodic  side  permeates  through  the  membrane  and  gets 
oxidized  on  the  anodic  surface  of  the  membrane.  The  steady  state  currents  associated  with  anodic 
(permeation  current)  and  cathodic  (charging  current)  reactions  were  monitored  continuously  by 
changing  the  overpotential  for  hydrogen  evolution  reaction  at  the  cathodic  side. 
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3.  Discussion 


Part  1.  Study  of  Electroless  Ni-Zn-P  deposition 
Model  Development: 

In  order  to  understand  the  processes  occurring  during  the  electroless  Ni-Zn-P  deposition  process 
from  alkaline  electrolytes  and  to  optimize  the  process  a  first  principles  mathematical  model  was 
developed.  The  reactions  which  were  considered  in  the  model  are: 

Oxidation  of  Hypophosphite  [37,  39] 


H2P0-+H20- 


Catalytic  surface 


H^PO’+ZHVZe 


Reduction  reaction  for  P  [37,  39] 


2H,PO;  +U^  +  e-  ->P+  HPOf  +H,0  +H, 


Reduction  reaction  for  Ni  [39] 


NiCNHj)/  +  2e-  Ni  +  6NH3 


Reduction  reaction  for  Zn  [39] 


Zn(mX  +  2e-  ^  Zn  +  4NH3  (4) 

H2  evolution  reaction  [37,  39] 

2H^  +  2e  ^  H2  (5) 

Concentration  Profile  in  the  Diffusion  Layer 

Concentration  profiles  for  each  of  the  reacting  species  in  the  deposition  process  of  Ni-Zn-P  alloys 
on  a  rotating  disk  electrode  are  described  by  the  steady-state  diffusion  equation,  expressed  as 

s"c,  „ 

The  boundary  condition  for  the  diffusion  equation  is  given  by 


_£)  Vy 

^  dx  ^rijF 


atx=0 


where  n  is  the  number  of  reactions  occurring  at  the  electrode  surface  in  which  the  reacting 
species  are  involved.  The  stoichiometric  co-efficient  sji  for  each  species  j  of  reaction  i  is  found 
out  by: 
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(8) 


i 

where  M,  is  the  species  involved  in  each  of  the  reaction 

Cj  =  Cf,j  at  x=5  (9) 

where  Cbj  is  the  concentration  of  the  species  at  the  bulk  of  the  electrolyte.  The  diffusion  layer 
thickness  6  for  each  of  the  species  is  defined  by  the  relation 

=  (10) 

where  Dj  is  the  diffusion  co-efficient  of  the  species,  ©  is  the  angular  velocity  of  the  rotating  disk 
electrode  and  o  is  the  kinematic  viscosity  of  the  electrolyte. 


Adsorption  of  Species  at  the  Electrode  Surface 

At  the  electrode  surface,  the  reacting  species  are  adsorbed  on  the  surface  according  to  the 
following  reactions 

(11) 

(12) 

(13) 


(14) 


The  surface  coverage  for  each  species  follows  ah  equilibrium  isotherm  of  the  form 


(15) 


where  bj  is  the  concentration  dependant  adsorption  co-efficient  for  each  of  the  reacting  species. 
The  empirical  relations  for  the  dependence  of  bj  on  concentration  of  all  electroactive  species 
were  obtained  by  fitting  the  experimental  results  to  the  model.  A  similar  approach  for  the 
adsorption  phenomenon  has  been  used  by  Wasberg  and  Horanyi  to  study  the  inhibition  effects  of 
chloride  ions  on  reduction  of  nitric  acid  reduction  on  rhodium  electrodes  [40]. 


The  surface  coverages  were  also  governed  by  the  condition 
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(16) 


It  is  assumed  that  desorption  of  products  from  the  electrode  surface  is  fast  enough  that  at  any 
given  time  during  the  deposition  process,  the  electrode  surface  is  covered  only  by  the  reacting 
species. 

Application  of  Mixed  Potential  Theory: 

According  to  mixed  potential  theory,  the  electroless  process  occurs  at  a  potential  where 
the  net  current  is  zero.  At  this  potential  the  current  due  to  the  anodic  reaction  (oxidation  of 
hypophosphite)  equals  the  sum  of  the  cathodic  currents  (reduction  of  Ni,  Zn,  P  and  H2).  The 
following  condition  gives  the  relationship  between  the  various  partial  current  densities 


+ 

+ 

+ 

II 

(17) 

where  ii  is  the  current  density  due  to  oxidation  of  hypophosphite,  i2  represents  the  partial  current 
density  for  P  reduction,  is  is  the  partial  current  density  of  Ni  reduction,  U  corresponds  to  the 
partial  current  density  of  Zn  reduction  and  is  is  the  partial  current  density  due  to  H2. 

Assuming  Tafel  approximations,  the  current  density  for  each  of  the  reaction  is  given  by 

the  anodic  current  density 

exp(  ?7i) 

(18) 

Cathodic  current  densities  are  defined  as: 

(19) 

KI  =  ^o.3(^M)exp(  773) 

(20) 

k|  =  ^o.4fe)exp(  774) 

(21) 

|^5|  =  ^o,5(6>//)  exp(  775) 

(22) 

where  pj  is  the  overpotential  for  the  respective  reactions.  The  overpotential  for  each  reaction  is 
given  by  the  relation 

n.=E  -E  .  (23) 

/  j  m  eqj  ^  ' 


23 


where  Em  is  the  mixed  potential  of  the  deposition  process  and  Eeqj  is  the  equilibrium  potential  for 
the  respective  reaction  as  determined  by  the  concentration  of  the  species  involved  in  the  reaction. 
The  equilibrium  potential  for  each  reaction  is  given  by 


E'eqJ  -  Eqj 


2.303RT,  Ylc, 

+ - 

njF  [  [c. 


where  Eq  is  the  standard  potential  for  each  reaction.  For  simplicity,  the  activity  of  HaPOs'  and 
HP03^‘  is  assumed  to  be  unity  for  determining  the  equilibrium  potentials  of  reactions  1  and  2. 
However,  for  the  case  of  Zn  and  Ni,  the  equilibrium  potentials  was  foimd  using  the  following 
relation  as  they  are  present  in  the  complexed  form 


2303RT,  ^  2303RT. 

=  Eoj  + - 


where  Kj  is  the  stability  constant  of  the  complexed  species. 

Determination  of  Concentration  of  Complexed  Zn  and  Ni  Species. 

It  can  be  seen  from  equation  25  that  in  order  to  determine  the  equilibrium  potential  for  Ni 
and  Zn  reduction  reactions,  it  is  necessary  to  estimate  the  concentration  of  Zn  and  Ni  complexed 
species.  This  was  done  by  calculating  the  equilibrium  concentrations  of  Ni  and  Zn  species  as  a 
function  of  bath  pH.  According  to  Pourbaix  [41],  both  Zn^^  and  Ni^'"  ions  will  precipitate  as 
Zn(OH)2  and  Ni(OH)2  respectively  at  pH  values  greater  than  7.0.  For  the  deposition  to  be  carried 
out  in  alkaline  conditions,  it  is  necessary  use  of  complexing  agents  to  prevent  the  metal  ions  from 
spontaneous  precipitation.  In  the  presence  of  ammonia,  the  following  complex  ions  are  formed: 

Zn(OH)2+4NH3  ^  ZnCNHj)^ +20H-  (26) 

Ni(OH)2  +6NH3  ^  Ni(NH3  +20H-  (27) 

The  equilibrium  concentrations  of  the  complexed  species  of  Ni  and  Zn  were  found  out  by  solving 
material  balances  along  with  equilibrium  relations  and  electroneutrality  condition.  The  results  are 
shown  in  Figure  1.  The  concentration  of  the  Ni  and  Zn  complexed  ions  is  seen  to  decrease  with 
increase  in  pH.  The  governing  equations  and  the  computational  details  are  summarized  in  the 
appendix. 

The  above  equations  are  solved  simultaneously  to  obtain  the  unknown  quantities,  namely, 
the  partial  current  densities  along  with  the  mixed  potential  for  the  deposition  process.  Once  the 
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partial  current  densities  are  obtained,  the  weight  of  each  element  (Ni,  Zn  &  P)  deposited  are 
obtained  using  the  Faraday’s  law; 


m 

nil  = - 

'  HjF 


(28) 


The  weight  percentages  of  the  elements  were  then  obtained  from  the  calculated  weights 
of  the  elements.  The  data  obtained  from  the  model  were  compared  with  the  experimental  results 


to  check  the  validity  of  the  assumed  mechanism  for  the  deposition  process. 

The  parameters  used  in  the  model  for  fitting  the  experimental  results  are  shown  in  Table 
2.  The  kinetic  parameters  for  the  different  reactions  are  also  shown  in  Table  2.  A  part  of  the 
kinetic  parameters  which  were  not  available  in  literature  were  assumed  in  this  study. 

Effect  of  the  Substrate  on  the  Electroless  Deposition 

Our  initial  studies  indicated  that  zinc  cannot  be  deposited  auto-catalytically  in  the 
absence  of  nickel  ions  from  the  electrolyte  given  above.  The  measured  mixed  potential  in  the 
same  electrolyte  was  found  to  depend  upon  the  concentration  of  zinc  ions  in  the  bath  and  varied 
between  -1.071  V  vs.  SCE  (5  g/L)  ZnS04  and  -1.036  V  vs  SCE  (20  g/L  ZnS04).  On  the  other 
site,  it  was  possible  to  deposit  Zn-Ni  alloy  at  -1.036  V  vs.  SCE  electrochemically  or  by  using 
electroless  technique  when  nickel  ions  were  present  in  the  electrolyte,  indicating  that  the  nickel 
catalyzes  the  zinc  deposition  at  this  potential.  To  determine  why  zinc  deposits  in  the  presence  of 
nickel  ions,  the  hypophosphate  oxidation  was  carried  out  on  nickel  substrate  in  the  presence  of 
only  complexing  agents.  The  cathodic  and  anodic  reactions  of  any  of  the  autocatalytic  processes 
are  independent  when  they  occur  simultaneously.  Thus,  it  is  possible  to  study  the  anodic 
polarization  of  hypophosphate  in  the  presence  and  absence  of  ions  on  different  catalytic  surfaces 
because  it  would  represent  the  true  anodic  current  that  would  occur  in  the  complete  bath.  The 
hypophosphate  oxidation  curve  obtained  on  nickel  is  shown  in  Figure  2.  As  shown  in  this  figure, 
the  nickel  surface  catalyzes  the  hypophosphate  oxidation  reaction  since  an  anodic  current 
attributable  to  the  oxidation  of  hypophosphate  was  not  observed  on  copper  or  iron.  Thus,  in  case 
of  electroless  deposition  of  Zn-Ni  alloys,  the  reaction  is  initiated  by  a  spontaneous  displacement 
reaction  between  iron  substrate  and  the  nickel  ions  present  at  the  interface.  As  a  result,  iron 
dissolves  while  nickel  deposits  on  the  surface.  The  formed  thin  nickel  film  causes  the  oxidation 
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of  hypophosphate  to  occur  at  potentials  higher  than  -1.0  V  v^.  SCE,  which  enables  zinc  reduction 
and  formation  of  Ni-Zn-P  alloy. 

Figure  3  shows  the  dimensionless  concentration  profile  for  each  of  the  reacting  species 
near  the  electrode  surface  as  predicted  fi'om  the  mathematical  model.  The  concentration  of  the 
hydrogen  ions  at  the  electrode  surface  drops  to  zero,  suggesting  that  the  diffusion  process 
controls  the  hydrogen  evolution  reaction.  This  can  be  expected  due  to  the  low  concentration  of 
the  If'  ions  in  the  electrolyte  at  pH  10.5.  The  other  reactions  are  controlled  by  the 
electrochemical  reactions  at  the  electrode  surface. 

Figure  4  shows  the  Evans  diagram  for  the  deposition  process  for  a  ZnS04  concentration 
of  5  g/L.  The  graph  shows  the  anodic  reaction,  which  is  the  oxidation  of  hypophosphite  given  by 
reaction  1.  The  figure  also  shows  the  various  cathodic  reactions  which  occur  during  the 
deposition  process.  The  intercepts  for  the  different  reactions  were  calculated  based  on  the 
effective  exchange  current  density,  given  by  the  product  of  the  equilibrium  exchange  current 
density  and  the  surface  coverages  of  the  species  involved  in  the  reaction  as  given  by  the 
equations  18-22.  It  can  also  be  seen  that  the  partial  current  density  for  Ni  deposition  is  high 
followed  by  those  of  Zn  and  P  deposition.  The  potential  at  which  the  oxidation  line  and  the 
overall  reduction  line  crosses  is  the  mixed  potential  of  the  deposition  process  and  the  current 
density  at  that  point  corresponds  to  the  electroless  plating  current  density. 

Figure  5  compares  the  predicted  and  experimental  mixed  potential  values  and  plating 
current  densities  as  a  function  of  ZnS04  concentration  in  the  bath.  It  can  be  seen  fi-om  the  plot 
that  the  mixed  potential  becomes  more  positive  as  a  function  of  ZnS04  concentration.  This  result 
is  consistent  with  the  experimental  observation  where  the  addition  of  Zn  ions  shifts  the 
deposition  potential  to  more  positive  values.  The  experimental  current  densities  were  obtained  by 
calculating  the  current  required  for  the  deposition  of  different  elements  using  Faraday’s  law.  It 
can  be  seen  that  the  plating  current  densities  predicted  by  the  model  is  marginally  higher  than  the 
experimental  values.  This  can  be  expected,  as  the  experimental  values  do  not  include  the  current 
due  to  hydrogen  evolution  reaction.  It  can  also  be  seen  that  the  plating  current  density  decreases 
as  a  function  of  ZnS04  concentration.  This  result  suggests  that  the  addition  of  Zn  ions  inhibits 
the  deposition  process.  This  inhibition  effect  of  Zn  on  the  deposition  process  has  been  reported 
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previously  [25]  and  was  also  observed  in  our  study  [28].  In  order  to  further  analyze  the  effect  of 
Zn  ions  on  the  deposition  process,  linear  polarization  studies  were  used. 

Ohno  et  al.  used  linear  polarization  and  impedance  techniques  to  predict  the  plating  rate 
of  an  electroless  process.  According  to  Ohno  et.  al,  the  plating  current  density  is  equivalent  to 
the  reciprocal  value  of  the  polarization  resistance  [33].  The  relationship  between  the  plating 
current  density  and  the  polarization  resistance  is  given  by  the  equation: 

^  =  —  (29) 

Where  K  is  a  constant  related  to  the  deposition  process  being  studied.  This  method  is  similar  to 
the  Stem-Geary  relation  for  predicting  the  corrosion  of  a  metal,  although  the  implication  in  the 
case  of  electroless  deposition  is  different.  Ohno  et.  al  used  this  method  successfully  to  predict 
the  plating  rate  of  an  electroless  copper  deposition  process  [33].  In  order  to  study  the  inhibitive 
nature  of  Zn  ions  on  the  Ni-Zn-P  deposition  process,  linear  polarization  studies  were  performed 
to  obtain  the  polarization  resistances  as  a  function  of  the  Zn  ions  in  the  bath.  Linear  polarization 
studies  were  obtained  by  scanning  the  potential  10  mV  above  and  below  the  mixed  potential  after 
initiating  the  deposition  process.  The  results  are  shown  in  Figure  6.  As  shown  in  this  figure,  the 
addition  of  Zn  ions  in  the  bath  increases  the  polarization  resistance  suggesting  that  Zn  ions 
inhibit  the  deposition  process. 

This  inhibitive  effect  of  Zn  ions  on  the  deposition  process  was  also  confirmed  by  an 
alternate  method.  With  a  decrease  in  the  plating  rate,  it  can  be  expected  that  the  moles  of 
hypophosphite  ions  consumed  during  the  reaction  also  to  decrease.  Hence,  the  consumption  of 
hypophosphite  ions  was  determined  by  the  iodometric  titration  analysis  as  a  function  of  ZnS04 
concentration  in  the  bath.  The  consumption  of  hypophosphite  was  determined  by  calculating  the 
moles  of  hypophosphite  in  the  bath  before  and  after  the  deposition  process.  With  an  increase  in 
Zn  ion  concentration  in  the  bath,  the  moles  of  hypophosphite  consumed  during  the  reaction 
decrease,  thereby  indicating  a  decrease  in  the  deposition  rate. 

Figure  7  shows  the  surface  coverage  of  all  electro  active  species  participating  in  the 
deposition  process  as  a  function  of  ZnS04  concentration  in  the  bath  as  predicted  by  the  model. 
With  an  increase  in  Zn  ion  concentration  in  the  bath,  the  surface  coverage  of  Ni  ions  decreases 
and  that  of  the  Zn  ions  increases.  This  result  is  in  agreement  with  the  assumption  made  in  the 
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model  that  Zn  ion  inhibits  the  Ni  adsorption  on  the  surface.  This  variation  in  the  adsorption  of 
the  reacting  species  results  in  the  reduction  of  the  plating  current.  However,  in  Figure  7,  the 
surface  coverage  of  hypophosphite  ions  increases  with  increase  of  zinc  ion  concentration  in  the 
bath  which  does  not  agree  with  the  overall  plating  current  density,  ipi  decrease  observed  in  Figure 
5.  In  other  words,  one  can  expect  an  increase  in  the  overall  current  density  with  an  increase  in 
hypophosphite  ion  surface  coverage.  The  results  can  be  explained  by  taking  into  account  that  the 
effective  exchange  current  density  for  hypophosphite  oxidation  is  also  controlled  by  the  square  of 
the  hydrogen  ion  surface  coverage,  Eq.  (18).  The  increase  in  hypophosphite  ion  concentration 
results  in  a  decrease  of  hydrogen  ion  surface  coverage,  thereby  reducing  the  effective  exchange 
current  density  for  hypophosphite  oxidation.  The  effective  exchange  current  density  for 
hypophosphite  decreases  from  4.9  x  10'’  A/cm^  to  6.7  X  10'^  A/cm^  when  the  Zn  ion 
concentration  is  increased  from  5  g/L  to  20  g/L.  This  results  in  reducing  the  current  for 
hypophosphite  oxidation,  thus  reducing  the  overall  plating  current  density.  These  results  show 
clearly  that  the  concentration  of  Zn  ions  in  the  bath  plays  an  important  role  in  determining  the 
rate  of  the  deposition  process. 

Figure  8  shows  a  comparison  between  the  weight  percentages  of  Ni  obtained  from  the 
model  and  experiments  as  a  function  of  ZnS04  concentration  in  the  bath.  The  plot  shows  good 
agreement  between  the  experimental  results  with  those  of  the  model.  The  Ni  content  in  the 
deposit  decreases  as  a  function  of  Zn  concentration  in  the  bath.  This  result  can  be  expected  since 
the  Zn  ions  inhibit  the  adsorption  of  Ni  ions  on  the  surface,  thereby  reducing  the  Ni  content  in  the 
deposit. 

Figure  9  shows  the  variation  in  the  Zn  and  P  content  in  the  deposit  as  a  function  of 
ZnS04  concentration  in  the  bath.  The  Zn  content  in  the  deposit  increases  as  a  function  of  Zn  ion 
concentration.  This  result  can  be  expected  as  the  partial  currents  for  each  reaction  is  proportional 
to  the  surface  coverages  of  the  adsorbed  species.  It  was  shown  in  Figure  7  that  the  surface 
coverage  of  Zn  ions  increases  with  an  increase  in  ZnS04  concentration  in  the  bath.  This  change 
in  surface  coverages  results  in  the  deposition  of  a  significant  amount  of  Zn  (10-17  wt%)  in  the 
deposit. 

Another  important  parameter  that  affects  the  deposition  process  is  the  pH  of  the  bath. 
Figure  10a  shows  the  effect  of  pH  on  the  mixed  potential  for  the  deposition  process.  The  figure 
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shows  that  an  increase  in  pH  makes  the  mixed  potential  more  negative.  With  increase  in  pH  of 
the  bath,  the  potential  for  the  hypophosphite  oxidation  shifts  to  more  negative  values.  This  shift 
in  potential  is  expected  to  move  the  mixed  potential  to  more  negative  values  leading  to  an 
increase  the  plating  current  density,  since  the  overpotential  for  each  reaction  increases.  Thus,  by 
increasing  the  pH  of  the  electrolyte  one  can  increase  the  deposition  rate.  Figure  10a  also  shows 
the  effect  of  pH  on  the  plating  current  density.  Increasing  the  pH  of  the  bath  results  in  increasing 
the  plating  rate  of  the  deposition  process. 

Figure  10b  shows  the  surface  coverage  of  the  reacting  species  as  a  function  of  the  bath 
pH.  Figure  1 1  shows  the  variation  in  the  Ni,  Zn  and  P  content  in  the  deposit  as  a  function  of  pH 
of  the  bath.  The  figure  also  shows  the  comparison  of  the  composition  of  the  coating  obtained 
from  the  model  with  the  experimental  results. 

Part  2.  Optimization  Studies  for  the  Electrolytic  Ni-Zn  Process:- 
Effect  of  Zn^^ions  on  the  coating  composition: 

The  primary  objective  of  this  work  was  to  obtain  a  nickel  rich  sacrificial  coating  for  the 
protection  of  steel.  Thus,  it  is  essential  to  estimate  the  amount  of  Zn  in  the  final  deposit.  ED  AX 
analysis  was  used  for  this  purpose.  Depositions  were  carried  with  different  concentrations  of 
ZnS04.7H20  in  the  bath  with  an  applied  potential  of  -1.3  V  (vs.  SCE).  Figure  12  shows  the 
distribution  of  Zn  and  Ni  in  the  coating  as  a  function  of  ZnS04  added  in  the  bath.  It  can  be  seen 
from  the  plot  that  the  Zn  content  in  the  deposit  increases  from  26-wt%  in  the  case  of  5  g/L  ZnS04 
to  53-wt%  in  the  case  of  30  g/L  ZnS04.  The  amount  of  Ni  decreases  from  74-wt%  to  47-wt% 
with  increase  of  ZnS04  concentration  in  the  bath.  Increase  of  Zn  content  in  the  deposit  is  mainly 
due  to  the  increase  in  the  concentration  of  Zn  ions  available  for  competing  with  the  deposition  of 
nickel.  In  order  to  obtain  nickel  rich  alloys  with  uniform  morphology,  further  depositions  were 
carried  out  with  15  g/L  ZnS04.7H20  in  the  bath. 

Cathodic  Polarization: 

Cathodic  polarization  curves  were  plotted  to  analyze  the  inhibiting  nature  of  the  zinc  ions 
present  in  the  solution.  Fig  13a  shows  the  cathodic  polarization  curve  recorded  from  a  solution  of 
71.1  g/L  of  sodium  sulfate,  50  g/L  of  ammonium  sulfate  and  30g/L  of  sodium  citrate  at  pH  10.5 
in  the  presence  and  absence  of  15  g/L  of  ZnS04.7H20  in  the  solution.  It  can  be  observed  that  in 
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the  absence  of  any  zinc  ions  in  the  solution,  the  current  recorded  corresponds  to  that  of  the 
hydrogen  reduction  accompanied  with  water  hydrolysis.  When  zinc  ions  are  added  to  the 
solution,  the  hydrogen  evolution  reaction  is  strongly  suppressed.  This  phenomenon  occurs  even 
at  potentials  below  the  reduction  potential  of  zinc.  This  observation  emphasizes  that  zinc  ions 
strongly  adsorb  on  the  surface  of  the  substrate. 

Fig  13b  shows  the  cathodic  polarization  curve  recorded  from  the  alkaline  bath  when  only 
nickel  ions  is  present  and  when  both  nickel  and  zinc  ions  are  present.  When  zinc  ions  are  added 
in  to  the  solution,  the  current  density  at  the  nickel  deposition  drastically  decreases.  In  other 
words,  nickel  ions  need  to  compete  with  the  zinc  adsorbed  species  for  deposition  leading  to  its 
inhibition  in  the  presence  of  zinc  ions.  Inhibiting  behavior  of  Zn  is  further  confirmed  with  the 
plot  of  partial  current  density  of  Zn  and  Ni  during  alloy  deposition  and  single  metal  deposition  as 
shown  in  Fig  14.  During  single  metal  deposition,  the  concentration  of  electroactive  species  is 
maintained  constant  by  substituting  the  respective  alloying  metal  with  magnesium  sulfate  of 
equal  concentrations.  It  can  be  observed  that  the  partial  current  density  of  nickel  drastically 
decreases  in  the  presence  of  zinc  ions.  Single  metal  deposition  of  Zn  under  similar  conditions  is 
observed  only  at  potentials  above  -1.3  V  vs.  SCE.  However,  the  zinc  partial  currents  showed  that 
in  the  presence  of  nickel,  zinc  can  be  deposited  at  potentials  where  it  does  not  deposit  in  the 
absence  of  nickel  ions.  The  deposition  of  zinc  could  be  due  to  the  presence  of  some  form  of 
adsorbed  species  such  as  ZnNi^ds  [38, 42, 43]. 

Effect  of  Applied  Potential: 

Figure  15  shows  the  variation  in  the  composition  and' deposition  rate  of  the  coating  as  a 
function  of  the  applied  potential.  The  thickness  of  the  coatings  was  estimated  by  dividing  the 
weight  of  a  unit  area  with  the  average  density  of  the  alloy.  For  an  applied  potential  of -1.0  V  vs. 
SCE,  the  thickness  of  the  deposit  is  very  low  (0.5  //  m).  An  increase  in  the  applied  potential 
resulted  into  an  increase  in  the  thickness  of  the  deposit.  EDAX  analysis  results  in  detecting 
elemental  distribution  to  a  depth  of  1  //  m.  If  the  coating  thickness  is  less  than  I  jum,  the 
underlying  substrate  constituents  are  also  detected.  At  an  applied  potential  of-1.0  V  v^.  SCE,  the 
coating  thickness  is  less  than  1  /rm  and  hence  Fe  is  detected.  However,  with  an  increase  in 
applied  potential,  the  Fe  content  decreases  and  reaches  a  value  of  <0.1-wt%  at  potentials  greater 
than  -1.1  V  vs.  SCE.  This  trend  shows  that  operating  at  a  potential  below  —1.1  V  gives  rise  to 
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uniform  coatings  with  thickness  greater  than  1  //m.  Increasing  the  deposition  potential  leads  to 
an  increase  amount  of  Zn  in  the  deposit,  suggesting  that  the  deposition  becomes  more  anomalous 
in  nature.  Similar  results  were  obtained  by  Roventi  et.  al.  [38].  However,  they  have  also  observed 
that  the  deposits  obtained  at  low  potentials  have  high  stress  and  had  powdery  appearance  with 
poor  adhesion.  Hence,  such  deposits  cannot  be  used  as  a  sacrificial  coating.  However,  for  the 
present  case  of  Ni-Zn  alloys  deposited  from  alkaline  bath  at  low  potentials,  no  cracks  were 
observed  on  the  coating.  The  deposition  from  alkaline  baths  provided  a  wide  window  of  potential 
from  which  nickel  rich  alloys  can  be  deposited. 

Figure  16  shows  the  SEM  micrographs  of  Ni-Zn  alloy  deposited  at  different  potentials:  - 
1.0  V,  -1.1  V,  -1.3  V  and  -1.5  V  (vs.  SCE).  SEM  photographs  show  that  deposits  obtained  at  -1.0 
V  are  smooth  and  with  average  particle  size  of  the  deposit  in  the  order  of  20  nm  ~  60  nm.  It  can 
be  observed  that  the  deposit  plated  at  -1.1  V  (vs.  SCE)  was  smooth  with  a  particle  size  of  1 
micron.  When  the  potential  was  increased  to  -1.3  V  (vs.  SCE)  and  above,  the  zinc  content  in  the 
deposit  increases  as  observed  from  the  well  defined  crystals,  which  are  characteristic  for  zinc 
deposits.  The  nickel  content  can  be  varied  in  the  alloy  from  78  %  to  40  %  by  varying  the  applied 
potentials.  The  amount  of  nickel  in  the  deposit  for  the  corrosion  protection  was  optimized  by 
studying  the  corrosion  properties  of  all  deposits  synthesized  in  this  study. 

To  estimate  the  suitability  of  the  coating  as  a  sacrificial  coating,  the  corrosion 
characteristics  of  the  deposits  were  tested  in  a  0.5  M  Na2S04  +  0.5  M  H3BO3  solution  at  pH  7.0. 
Tafel  polarization  was  performed  to  evaluate  the  corrosion  rates  of  the  coatings  with  different  Zn 
contents.  Tafel  studies  were  carried  out  by  scanning  the  potential  from  -200  mV  to  +200  mV 
with  respect  to  the  corrosion  potential  at  a  scan  rate  of  10  mV/s.  The  resultant  Tafel  plots  are 
shown  in  Figure  17.  As  shown  in  the  plot,  the  corrosion  current  of  the  deposits  increases  with 
increase  in  the  amount  of  Zn  content  in  the  deposit.  This  is  due  to  the  fact  that  with  higher 
amounts  of  Zn  in  the  deposit,  the  dissolution  rate  of  the  alloy  is  increased.  The  corrosion 
potential  also  shifts  to  a  more  negative  value  with  increase  in  the  Zn  content.  Table  3  summarizes 
the  corrosion  potential  and  the  corrosion  rate  of  the  coating  as  a  function  of  Zn  content  in  the 
deposit.  Tafel  polarization  studies  indicated  that  the  alloy  containing  28%  of  Zn  has  optimum 
corrosion  resistance. 
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Effect  of  pH: 

The  pH  of  the  electrolyte  plays  a  very  important  role  in  determining  the  composition  of 
the  Ni-Zn  deposit  obtained.  A  complete  analysis  of  the  equilibrium  reactions  between  various 
species  is  performed  to  analyze  the  effect  of  pH.  According  to  the  pH  -potential  diagrams  of  zinc 
and  nickel  by  Pourbaix,  the  zinc  and  nickel  precipitate  to  form  their  respective  hydroxides  with 
increase  in  pH  beyond  7.00.  The  presence  of  complexing  agent  like  ammonia  prevents  the 
precipitation.  In  the  presence  of  ammonia,  the  following  complexes  are  expected  to  be  formed. 

Zn(OH)^  +  4  A7/3  ->  ZniNH^  +  2  OH' 

Zn^*  +  20H-  -^Zn{OH\ 

+10H-  ^NiipH\ 

Ni{OH\  +  6  M/3  ->  Ni{NH^  +  2  0//“ 

Zn  and  nickel  complexes  reduce  to  deposit  as  Zn-Ni  alloy  with  the  liberation  of  ammonia. 

Zn{NH^f*  +le  Zn  +  4NH^ 

+2c'  Ni  +  6NH^ 

Ni-Zn  deposition  was  performed  at  different  pH  ranging  from  8.5  to  9.5.  Figure  18  shows 
the  variation  in  composition  of  the  zinc  and  nickel  in  the  deposit  as  a  function  of  pH.  With 
increase  in  pH,  the  nickel  content  in  the  deposit  starts  to  increase  and  above  pH  of  10.5  it 
stabilizes.  The  results  agree  well  with  the  pH  concentration  diagram.  With  increase  in  pH  a 
higher  concentration  of  nickel  was  observed  in  the  deposits.  Thus,  the  pH  of  the  electrolyte  was 
optimized  to  be  10.5. 

Effect  of  Temperature: 

Another  critical  parameter  that  affects  the  composition  of  the  coating  is  the  temperature 
of  the  bath.  Fig  19  shows  the  variation  in  the  composition  of  the  deposit  as  a  function  of  bath 
temperature.  The  nickel  content  in  the  deposit  increases  linearly  with  increase  in  temperature. 
An  increase  in  nickel  content  from  34  %  to  61  %  was  observed  by  increasing  the  temperature  to 
hO^C.  Fig  20  presents  the  variation  in  thickness  with  temperature.  At  temperatures  above  60  °C, 
no  significant  variation  of  the  composition  is  observed.  At  these  temperatures  the  deposition  rate 
increases.  However,  an  increase  of  temperature  60”C  leads  to  increase  in  the  internal  stress  and 
develops  cracks  in  the  deposits.  Thus,  the  deposition  temperature  was  optimized  to  be  60  ”C. 
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Part  3:  Development  of  Novel  Zn-Ni-Cu  ternary  alloy: 

Figure  21  represents  the  ED  AX  analysis  for  a  conventional  Zn-Ni  alloy  that  exhibits  anomalous 
behavior  and  that  of  a  Zn-Ni-Cu  alloy.  The  Zn:Ni  ratio  in  the  commercial  alloy  was  as  high  as 
7.5  :  1.  With  the  addition  of  Ig/L  of  CUSO4  in  the  bath,  the  ratio  of  Zn:Ni  decreases  to  1.3  :  1.  It 
was  observed  that  the  Zn:Ni  ratio  can  be  varied  with  the  use  of  the  ternary  alloying  element 
copper.  Now  we  proceed  step  by  step  to  obtain  an  insight  into  the  deposition  process  of  Zn-Ni- 
Cu. 

Stripping  Cyclic  Voltammetry: 

Stripping  cyclic  voltammograms  (SCV)  were  obtained  to  analyze  the  behavior  of  the  Zn-Ni-Cu 
deposition  process.  Electrodeposition  of  the  Zn-Ni-Cu  was  performed  on  a  gold  rotating  disc 
electrode  of  0.458  cm^  area.  The  composition  of  electrolyte  used  was  40  g/L  of  NiS04.6H20,  20 
g/L  of  ZnS04.7H20,  71  g/L  of  Na2S04  and  1  g/L  of  CUSO4.  The  potential  was  varied  at  a  scan 
rate  of  30  mV/s  from  -0.5  V  (vs.  SCE)  to  a  cathodic  potential  of -1.4  V  (vs.  SCE)  and  back  to 
the  initial  potential,  -0.5  V  (vs.  SCE).  This  potential  range  is  representative  of  the  hydrogen 
evolution  and  metal  dissolution  reactions  occurring  at  the  surface  of  the  coating  under  normal 
corroding  conditions.  Figure  22  represents  the  SCV  analysis  of  Zn-Ni-Cu  deposits  obtained  at 
different  rotation  speeds.  Deposition  of  Zn,  Ni  and  Cu  takes  place  during  the  forward  cathodic 
scan.  Beyond  a  potential  of-1.1  V  (vs.  SCE),  the  steep  increase  in  the  current  can  be  attributed  to 
the  hydrogen  evolution  reaction.  During  the  reverse  scan  distinct  current  peaks  were  observed. 
These  peak  currents  are  attributed  to  the  dissolution  of  the  metal  alloy  components.  The  first 
dissolution  peak  occurring  at  -0.77  V  (vs.  SCE)  corresponds  to  the  zinc  dissolution  [21].  The 
second  anodic  peak  occurring  at  -0.43  V  (vs.  SCE)  can  be  attributed  to  the  dissolution  of  the 
nickel  rich  phase.  The  final  dissolution  peak  in  the  anodic  scan  corresponds  to  the  dissolution  of 
the  copper  rich  phase.  The  SCV’s  were  performed  at  three  different  rotation  speeds  to  determine 
the  mass  transfer  effect  limitations  on  the  deposition  process.  The  peak  currents  corresponding  to 
the  Zn  and  Cu  dissolution  potentials  increase  with  increase  in  the  rotation  speed,  indicating  the 
mass  transfer  controlled  nature  of  the  deposition  processes.  These  are  in  agreement  with  the 
previous  studies  [21].  On  the  other  hand,  nickel  deposition  is  kinetically  controlled  [25].  The 
dissolution  peak  decreases  with  increase  in  rotation  speed.  The  observed  decrease  in  the  nickel 
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peak  current  is  due  to  the  effect  of  side  reactions  that  are  under  mass  transfer  control.  With  this 
preliminary  knowledge  of  the  deposition  process,  we  next  proceed  to  study  the  effect  of 
electroactive  species  on  the  composition  of  the  deposit. 

Effect  of  CUSO4  concentration: 

To  analyze  the  effect  of  CuS04  concentration  on  the  ratio  of  Zn  and  Ni,  depositions  were  carried 
out  from  an  alkaline  bath  of  60  g/L  NiS04.6H20,  30  g/L  ZnS04.7H20,  with  the  amount  of 
copper  sulfate  varied  between  0.5  g/L  and  4  g/L.  The  bath  pH  was  maintained  at  9.0  and 
depositions  were  carried  out  potentiostatically  at  different  potentials  without  stirring.  Figure  23 
represents  the  effect  of  CUSO4  concentration  and  deposition  potential  on  the  composition  of  the 
deposit.  It  is  observed  that  at  low  potentials,  copper  and  nickel  deposition  dominate  the  process 
resulting  in  increased  content  of  copper  and  nickel  in  the  deposit.  The  Zn  content  is  as  low  as 
30%  in  the  presence  of  0.5  g/L  of  CUSO4.  This  is  due  to  the  low  applied  potential  of  the  deposit. 
With  increase  in  the  deposition  potential,  Zn  content  in  the  deposit  increases  with  decrease  in  the 
nickel  and  copper  composition.  The  addition  of  CUSO4  in  the  sit,  alters  the  Zn-Ni  ratio.  When 
deposited  at  -1.3  V  (vs.  SCE),  the  nickel  content  increases  from  12.4%  (not  shown  in  Fig  3)  to  25 
%  with  the  addition  of  0.5  g/L  of  CUSO4  in  the  Zn-Ni  bath.  When  the  concentration  of  CuS04  is 
about  Ig/L,  the  nickel  content  is  as  high  as  31  %.  It  can  be  observed  that  the  nickel  content  in  the 
deposit  increases  with  the  addition  of  CUSO4  in  the  bath.  The  increase  in  the  concentration  of 
CUSO4  in  the  bath  leads  to  an  increase  in  the  copper  content  in  the  deposit.  Anomalous 
deposition  of  Zn-Ni  is  due  to  the  preferential  adsorption  of  Zn  ion  on  the  depositing  surface.  The 
adsorption  is  not  necessarily,  electrochemical  in  nature.  Presence  of  Cu  ions  in  the  solution 
decreases  the  preferential  adsorption  of  zinc  ions  to  the  surface  there  by  favoring  the  nickel 
deposition.  But  with  the  concentration  of  CUSO4  in  the  bath  2  g/L  and  beyond,  copper  deposition 
dominates  the  whole  process  leading  to  a  decrease  in  both  Ni  and  Zn  content.  The  decrease  in  Ni 
content  is  less  pronounced  compared  to  that  of  Zn.  To  have  a  better  insight  in  to  the  deposition 
process,  the  partial  current  densities  were  calculated  using  faraday’s  law.  Figure  24  shows  the 
plot  of  partial  current  density  as  a  function  of  applied  potential  and  concentration  of  CUSO4. 
When  the  concentration  of  CUSO4  in  the  bath  is  less  than  or  equal  to  1  g/L,  the  limiting  current  of 
Cu  is  lower  than  the  partial  current  density  of  Ni.  As  seen  from  our  preliminary  studies  with 
SCV,  Zn  and  Cu  are  mass  transfer  controlled.  Since  Cu  is  mass  transfer  controlled,  the 


34 


concentration  of  the  Cu  in  the  deposit  does  not  increase  once  the  limiting  current  density  for  the 
deposition  is  reached.  However,  further  increase  in  the  concentration  of  the  CUSO4  in  the  bath 
lead  to  an  increase  in  the  limiting  current  density  of  copper.  When  the  limiting  current  density  of 
Cu  exceeds  the  partial  current  densities  of  Ni  and  Zn,  Cu  deposition  dominates  the  whole 
process.  As  high  as  80  %  of  Cu  was  observed  in  the  deposit  when  the  concentration  of  CUSO4 
was  4g/L  and  further  increase  in  the  potential  showed  minimal  change  in  the  composition  of  the 
deposit.  Hence  the  prominent  factor  in  determining  the  composition  of  the  deposit  is  the 
concentration  of  CUSO4  in  the  bath. 

Effect  of  Stirring: 

As  seen  from  our  preliminary  studies,  Zn  and  Cu  deposition  are  mass  transfer  controlled  and 
Nickel  deposition  is  kinetically  controlled.  Hence  stirring  has  a  significant  effect  on  the 
deposition  kinetics.  Studies  were  performed  under  different  stirring  conditions.  Depositions  were 
carried  at  -1.3  V  (vs.  SCE)  from  a  solution  containing  30  g/L  of  ZnS04.7H20,  60  g/L  of 
NiS04.6H20  and  Ig/L  of  CUSO4,  at  a  pH  of  9.0.  From  Figure  25,  it  is  observed  that  increasing 
the  stirring  speed  increases  the  percentage  of  Cu  in  the  deposit  while  it  decreases  the  Ni  content. 
The  observed  increase  in  the  Cu  content  can  be  explained  by  the  kinetics  of  the  deposition 
processes.  The  Cu  and  Zn  deposition  are  mass  transfer  controlled  processes  and  stirring  increases 
the  concentration  of  the  Cu  and  Zn  electroactive  species  available  at  the  interface  for  the 
deposition.  But  owing  to  its  low  deposition  potential,  copper  deposition  dominates.  Also,  the 
increased  concentration  of  the  Cu  and  Zn  species  increases  the  deposition  rate.  The  observed 
decrease  in  the  Ni  content  results  from  mass  transfer  control  of  the  competing  proton,  Zn  and  Cu 
reduction  processes. 

Effect  of  ZnS04.7H20  concentration: 

The  concentrations  of  the  electroactive  species  in  the  bath  play  a  significant  role  in 
determining  the  composition  of  the  alloy.  This  is  due  to  the  kinetics  of  the  deposition  processes. 
Figure  26  shows  the  variation  in  composition  of  the  alloy  as  a  function  of  the  ZnS04.7H20 
concentration  in  the  bath.  Depositions  were  made  from  60  g/L  of  NiS04.6H20  and  1  g/L  of 
CUSO4,  pH  9.0  at  -1.3  V  (vs.  SCE).  It  is  observed  that  the  zinc  content  in  the  deposit  increases 
with  increasing  ZnS04.7H20  in  the  bath.  The  Cu  and  the  Ni  contents  decrease.  In  the  case  of  1 
g/L  of  CUSO4  in  the  bath,  the  increase  in  zinc  content  in  the  deposit  is  well  pronounced  with 
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increase  in  ZnS04.7H20  concentration  in  the  bath.  But  when  the  coneentration  of  CUSO4  in  the 
deposit  is  4  g/L,  an  increase  in  the  concentration  of  ZnS04.7H20  in  the  solution  doesn’t  have 
significant  change  in  the  composition  of  the  deposit.  Copper  was  found  to  dominate  the  alloy 
composition.  Thus  it  becomes  imperative  to  fix  the  concentration  of  CUSO4  less  than  Ig/L.  Also, 
increase  in  the  Zn  content  shifts  the  corrosion  potential  to  more  negative  value,  leading  to  a 
decrease  in  the  corrosion  resistance  of  the  coating.  From  the  studies,  the  concentration  of 
ZnS04.7H20  should  be  30  g/L  for  an  optimum  Zn:Ni  ratio  in  the  deposit. 

Figure  27  shows  the  effect  of  ZnS04.7H20  on  the  current  density  as  function  of 
deposition  time.  It  can  be  observed  from  the  figure  that  when  the  concentration  of  ZnS04.7H20 
is  lOg/L,  the  current  density  follows  a  unique  pattern.  The  current  density  is  stable  up  to  2000 
seconds  and  increases  steeply  after  that.  On  increasing  the  concentration  of  ZnS04.7H20  the 
stable  plateau  of  the  current  density  increases.  Such  changes  in  the  current  density  modify  the 
morphology  and  composition  of  the  deposits.  EDX  analysis  and  SEM  micrographs  were  used  to 
characterize  this  pattern.  Figure  28  shows  the  surface  morphology  of  coatings  taken  at  three 
points  indicated  in  the  previous  figure.  It  can  be  observed  that  the  morphology  of  the  coating  in 
the  stable  plateau  region  was  uniform  and  good.  The  composition  of  the  deposit  was  47/32/21  for 
Zn/Ni/Cu  and  was  uniform  through  out  the  deposit.  At  the  point  2,  where  eurrent  density  starts  to 
increase,  it  can  be  observed  dendritic  growth  is  initiated.  The  dendrites  were  rich  in  copper  and 
nickel.  EDX  point  analysis  at  the  dendrite  showed  a  composition  Of  18/42/40.  SEM  morphology 
at  the  steady  state  region,  point  3  shows  the  deposit  filled  with  dendrites.  EDX  analj^is  shows 
the  composition  of  the  deposit  to  be  as  28/37/35  for  Zn/Ni/Cu  respectively.  With  the  growth  of 
dendrites,  nickel  and  copper  deposition  is  favored.  But  such  a  composition  will  bring  down  the 
corrosion  potential  of  the  coating  less  than  that  of  Fe  which  is  not  desirable  in  our  case. 
Moreover,  the  due  to  dendritie  growth,  the  adherence  of  the  deposits  is  poor.  The  deposits  are 
powdery  and  get  removed  from  the  surface  with  washing.  This  imposes  a  limit  on  the  thickness 
of  the  adherent  film.  Increasing  the  concentration  of  ZnS04.7H20  increases  the  stable  plateau  of 
current  density  and  thick  films  can  be  grown.  But  increase  in  ZnS04.7H20  increases  changes  the 
composition  of  the  deposit  and  there  by  the  corrosion  properties.  Hence  additives  were  tested  to 
improve  the  adherence  of  the  deposits  to  the  substrate.  Addition  of  0.5  g/L  of  dextrin  and  60g/L 
of  sodium  citrate  to  the  deposition  bath  yielded  a  constant  current  density  and  a  uniform  deposit. 
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Figure  29  shows  the  SEM  morphology  of  the  deposit  obtained  in  the  presence  of  additives.  The 
deposit  was  homogenous  and  dense  with  well  organized  structure  compared  those  prepared  in  the 
absence  of  additives.  EDX  analysis  shows  uniform  concentration  of  45/35/20  for  Zn/Ni/Cu 
respectively.  Also  the  current  efficiency  of  the  process  increases. 

Part  4;  Corrosion  Characteristics  of  the  Coatings: 

As  the  whole  endeavor  of  our  work  is  to  develop  sacrificial  coatings  that  can  replace 
cadmium,  it  is  critical  to  compare  the  performance  of  the  developed  coatings  to  Cadmium  and 
other  sacrificial  coatings.  The  coatings  that  have  been  chosen  for  comparison  in  this  study  are 
Zinc,  Zinc-Nickel  and  Cadmium,  as  these  are  the  most  commonly  used  sacrificial  coatings  for 
protection  of  steel.  The  thicknesses  of  the  various  coatings  were  approximately  2  pm  for  these 
comparison  studies.  The  deposit  thickness  was  estimated  by  dividing  the  weight  of  a  unit  area 
with  the  average  density  of  the  alloy.  All  the  corrosion  studies  were  performed  in  a  ph  7.0 
solution  of  0.5  M  Na2S04  and  0.5  M  H3BO3  unless  and  other  wise  specified. 

Linear  Polarization: 

Linear  polarization  studies  were  carried  out  to  find  the  polarization  resistances  of  the  various 
coatings.  The  potential  was  swept  fi-om  -10  mV  to  +10  mV  vs.  Ecorr  at  a  scan  rate  of  0.5  mV/s. 
The  resulting  graphs  of  overpotential  vs.  current  density  for  the  different  coatings  are  shown  in 
Figure  30.  The  slope  of  these  lines  yields  the  value  of  the  polarization  resistance.  The  low 
polarization  resistance  for  the  Zn  and  Zn-Ni  alloy  coatings  show  that  the  corrosion  rates  for  these 
coatings  are  much  higher  than  the  Zn-Ni-Cu,  Ni-Zn  and  Ni-Zn  P  (Electroless)  coatings  developed 
in  our  laboratory.  Table  4  shows  the  various  coatings  that  have  been  chosen  for  comparison  along 
with  the  Ecofr  values  and  corrosion  currents.  The  corrosion  rates  have  been  calculated  using  the 
polarization  resistance  found  from  the  linear  polarization  technique.  Figure  30a  summarizes  the 
corrosion  rates  obtained  for  various  coatings  in  the  form  of  a  bar  plot.  The  bar  plot  shows  the 
superior  corrosion  characteristics  of  the  coatings  developed  in  our  laboratory  as  compared  to  the 
other  sacrificial  coatings. 

Electrochemical  Impedence  Spectroscopy: 

EIS  was  used  to  evaluate  the  barrier  properties  of  the  coatings  and  to  determine  the 
polarization  resistance  and  the  corrosion  rates  with  out  modifying  the  surface.  Figure  31 
represents  a  comparison  of  Nyquist  responses  obtained  for  Zn,  Zn-Ni,  Cd,  Zn-Ni-Cu,  electrolytic 
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Ni-Zn  and  electroless  Ni-Zn-P  coatings.  The  solution  resistance  remains  the  same  for  all  the 
deposits.  This  is  to  be  expected  since  the  studies  were  done  imder  similar  conditions  in  pH  7.0. 
Rp  values  can  be  approximately  determined  by  fitting  the  Nyquist  response  to  a  simple  equivalent 
circuit  consisting  of  ohmic  resistance,  double  layer  capacitance,  and  polarization  resistance. 
Nickel  coating  possesses  a  high  polarization  resistance  of  5800  ohms  (not  shown  in  Figure  31). 
This  is  obvious  owing  to  the  high  barrier  properties  of  nickel  coating.  The  electrodeposited  Ni-Zn 
alloy  and  electroless  Ni-Zn-P  offers  a  barrier  resistance  in  the  order  of  2000  ohms,  which  is  five 
times  higher  than  the  typical  Cd  deposit.  The  increase  in  the  barrier  resistance  of  these  coatings 
is  an  outcome  of  the  increase  in  nickel  content  in  the  deposit. 

Stability  of  the  Coatings: 

The  sacrificial  properties  as  predicted  by  the  OCP  measurements  were  verified  using  the 
scratch-model  approach.  The  more  negative  zinc  coatings  offer  high  level  of  sacrificial 
protection  to  the  underlying  steel  and  inhibit  the  hydrogen  penetration  in  the  bulk  of  the  alloy. 
However  this  coating  has  very  short  life  due  to  a  high  rate  of  galvanic  corrosion.  The  potential  of 
pure  zinc  was  stable  at  -1.1  V  (v5.  SCE)  whereas,  the  OCP’s  of  Zn-Ni  and  Zn-Ni-Cu,  Ni-Zn  and 
Electroless  Ni-Zn-P  were  more  positive  indicating  that  inclusion  of  more  noble  components  in 
the  deposit  results  in  the  anodic  shift  in  potentials  with  respect  to  zinc  which  in  turn  decreases  the 
galvanic  corrosion.  The  potentials  of  Zn,  Zn-Ni,  Cd,  Zn-Ni-Cu,  Ni-Zn  and  Ni-Zn-P  deposits  were 
continuously  monitored  with  respect  to  SCE  as  a  fimction  of  time.  The  results  presented  as 
potential-time  plateaus  are  shown  in  Figure  32.  The  OCP  plots  of  Zn-Ni  showed  three  distinct 
plateaus  occurring  at  three  different  potential  namely  -1000  mV,  -700  mV  and  ^00  mV. 

Zn-Ni  alloys  deposit  in  three  phases,  a  Zn-rich  phase  called  eta  (77)  phase  (Ecorr  =  -1.050 
V  vs.  SCE),  an  intermediate  gamma  phase,  (y),  (Ecorr  =  -0.700  V  vs.  SCE)  and  a  nickel  rich  alpha 
(a)  ,  Ecorr  =  -0.400  V  vs.  SCE)  phase.  The  r\  phase  has  a  rest  potential  comparable  to  that  of  pure 
zinc  since  it  is  mostly  composed  of  zinc.  The  Zn-rich  q  phase  deposits  exhibit  homogenous 
hexagonal  shaped  crystals,  but  once  a  galvanic  couple  is  formed,  they  dissolve  rapidly  and  the 
surface  becomes  enriched  in  the  y  phase.  The  intermediate  phase  or  the  y  phase,  which  has  a  Zn- 
Ni  ratio  of  4:1,  is  body-centered  cubic  structure  and  usually  represents  a  good  barrier  resistance 
against  dissolution.  However,  the  thickness  of  this  layer  is  so  small  that  it  vanishes  for  short 
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period  of  time.  Dissolution  of  y  phase  exposes  the  nickel  rich  phase  to  the  environment.  A  small 
defect  in  the  coating  in  such  a  case  would  lead  to  the  preferential  dissolution  of  the  less  noble 
metal  namely  steel.  Thus,  an  increase  in  life  of  the  protective  coating  depends  on  the  life  of  the 
more  electronegative  phase,  which  is  Zn  rich  t|  phase  in  case  of  Zn-Ni  coatings.  The 
commercially  available  coating  like  Zn,  Zn-Ni  and  cadmium  lasted  for  less  than  60  hrs.  the  Ni- 
Zn  and  Electroless  Ni-Zn-P  alloys  prolonged  for  more  than  100  hrs.  The  potential  remained 
constant  for  these  alloys.  In  the  case  of  Zn-Ni-Cu,  the  potential  remained  constant  till  100  hours 
before  it  started  to  decrease.  Ni-Zn  and  electroless  Ni-Zn-P  alloys  prolonged  for  more  than  100 
hrs.  The  potential  remained  constant  for  these  alloys.  These  studies  emphasize  the  superior 
corrosion  and  sacrificial  properties  of  the  electrolytic  Ni-Zn  and  electroless  Ni-Zn-P. 


Mechanical  Properties: 

Table  5  tabulates  the  mechanical  properties  of  the  various  coatings  being  tested  along 
with  their  composition  obtained  using  EDAX  analysis.  As  seen  from  the  table,  all  the  coatings 
were  seen  to  possess  good  adhesion  to  the  underlying  substrate.  There  was  no  visible  flaking  or 
detachment  of  the  coatings  from  the  substrate  when  the  sample  was  returned  to  its  original 
profile,  after  subjecting  it  to  a  bending  of  180°.  Abrasion  index  was  used  as  a  measure  for 
comparing  the  abrasion  resistance  of  the  coatings  and  is  given  by  the  amoimt  of  material  lost  in 
mg  after  being  subjected  to  200  cycles  of  abrasion.  Care  was  taken  that  no  interference  is  seen 
from  the  substrate  during  the  test.  From  the  experiments,  it  was  seen  that  the  electrodeposited 
Zn-Ni  alloys  have  poor  abrasion  resistance  losing  18.5  mg  after  200  cycles  of  abrasion.  However, 
Ni-Zn-P  alloys  were  seen  to  provide  much  higher  abrasion  resistance,  losing  only  8  mg  of 
material  that  is  close  to  that  of  Cd  coating  (6  mg).  Finally,  the  hardness  of  the  coating  was 
determined  in  a  microhardness  measurement  unit  by  applying  a  force  of  25  gpf  for  10  seconds 
and  then  measuring  the  length  of  the  indents  with  the  help  of  a  microscope.  The  microhardness, 
reported  as  Knoop’s  Hardness  Number  (HK25),  of  the  coating  were  measured  using  the  formula, 


Microhardness = 


1.854x10^  xF 
1} 


(30) 


where,  F  is  the  applied  force  in  kgpf  and  L  is  the  length  of  the  indent  in  pm. 

From  the  table,  it  can  be  seen  that  the  hardness  of  Ni-Zn-P  alloys  is  comparable  to  that  of  Cd 
coatings,  whereas  the  hardness  of  electrodeposited  Zn-Ni  alloys  with  5.4-wt%  Ni  is  much  lower. 
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The  reason  for  this  higher  hardness  of  Ni-Zn-P  than  Zn-Ni  alloy  could  be  due  to  the  increased 
amount  of  Ni  in  the  alloy.  To  confirm  this,  Zn  was  electrodeposited  from  an  acidic  bath  and 
when  subjected  to  the  hardness  testing,  it  gave  a  hardness  number  of  82  HK25,  which  is 
comparable  to  the  value  reported  for  Zn  deposits  in  literature.  From  these  results,  it  can  be  seen 
that  the  Ni-Zn-P  alloys  possess  engineering  attributes  similar  to  those  of  Cd  coatings. 

CTC  Results: 

Electrolytic  Ni-Zn  and  Ni-Zn-P  was  tested  in  the  Naval  Aviation  Center  (NAVAIR)  for  the 
replacement  of  cadmium  coatings.  One  of  the  primary  requirements  for  the  substitution  of 
cadmium  is  that  no  signs  of  white  rust  or  red  rust  should  be  found  after  96hrs  in  an  unscribed  and 
scribed  salt  fog  testing  as  per  ASTM  B1 17-94  specifications.  The  scribed  salt  for  showed  no  rust 
in  the  scribed  area  for  the  Ni-Zn  and  electroless  Ni-Zn-P  coatings.  This  confirms  the  superior 
corrosion  and  sacrificial  properties  of  the  electrolytic  Ni-Zn  and  electroless  Ni-Zn-P.  These 
coatings  suffered  from  adhesion  problems  under  CTC  testing.  The  process  used  then  was  in  its 
preliminary  stages.  In  the  past  on  year  these  processes  have  been  improved  considerably. 
Currently  corrosion  tests  based  in  ASTM  B117  specification  is  in  progress  with  our  newly 
acquired  salt  fog  chamber.  The  results  are  expected  soon. 

Part  5:  Hydrogen  Permeation  Studies  on  Ni-Zn-P  alloys: 

Hydrogen  Permeation  Characterization: 

Figure  33  shows  the  variation  in  the  hydrogen  permeation  current  of  the  Ni-Zn-P 
deposited  steel  membrane  as  a  function  of  time.  Applying  different  cathodic  overpotentials 
varied  the  permeation  currents  through  the  membrane.  Prior  to  any  application  of  overpotential  to 
the  cathodic  side  of  the  bipolar  electrode,  the  background  current  on  the  anodic  side  was  allowed 
to  stabilize  below  0.5  pA/cm^.  Subsequently,  the  cathodic  side  of  the  membrane  was  polarized  in 
the  negative  direction  so  as  to  provide  conditions  for  hydrogen  evolution.  Hydrogen  that  comes 
out  of  the  anodic  side  after  a  series  of  adsorption-absorption-diffusion  steps  is  oxidized 
potentiostatically  to  obtain  the  permeation  current.  The  hydrogen  oxidation  potential  in  0.2  M 
NaOH  (pH=13.0)  is  -1.693  V  vs.  Hg/HgO  (-0.767  V  vs.  SHE).  Hence  applying  a  potential  of- 
0.3  V  vs.  Hg/HgO  to  the  anodic  side  of  the  bipolar  electrode  ensured  the  instantaneous  oxidation 
of  the  permeating  hydrogen.  The  steady  state  permeation  current  for  each  value  of  applied 
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cathodic  potential  was  noted  down.  Using  the  same  process,  the  hydrogen  evolution  and 
permeation  currents  of  the  Zn-Ni  coated  membrane  were  measured  for  each  value  of  the  applied 
overpotential.  For  the  case  of  Cd  deposited  membrane,  we  used  the  data  that  has  been  previously 
published  [60]. 

Figures  34  and  35  show  the  dependence  of  the  hydrogen  charging  current  (ic)  and  the 
permeation  current  (ia)  for  Ni-Zn-P  and  Zn-Ni  coatings.  In  both  the  figures,  the  reported 
overpotentials  have  been  calculated  based  on  the  open  circuit  potential  of  the  coating  being 
tested,  the  values  of  which  have  been  reported  as  the  corrosion  potential  in  Table  4.  For  example, 
an  overpotential  of  -0.3  V  corresponds  to  an  applied  potential  of  -0.952  V  V5.  SCE  for  Ni-Zn-P 
and  -1.113  V  V5.  SCE  for  Zn-Ni  coatings.  As  seen  from  Figure  34,  Ni-Zn-P  coatings  have  two 
orders  of  magnitude  lower  current  densities  for  hydrogen  evolution  as  compared  to  Zn-Ni 
coatings.  The  current  density  for  hydrogen  evolution  in  case  of  Ni-Zn-P  was  around  8.5  x  10'^ 
A/cm^  for  overpotential  of -300  mV.  For  a  similar  overpotential,  the  Zn-Ni  coated  steel  exhibits  a 
very  high  cathodic  current  density  of  7.8  x  10'^  A/cm^.  The  high  hydrogen  discharge  currents 
exhibited  by  Zn-Ni  coatings  has  been  attributed  previously  to  the  presence  of  high  amount  of  Zn 
[61].  In  the  case  of  electrodeposited  Cd,  the  hydrogen  evolution  current  density  is  around  6.6  x 
10'^  A/cm^  for  a  typical  applied  cathodic  overpotential  of  300  mV  [60].  Figure  35  compares  the 
permeation  current  densities  for  the  Zn-Ni  and  Ni-Zn-P  coated  steel  membranes.  A  very  large 
decrease  in  the  permeation  current  density  is  seen  for  Ni-Zn-P  deposits.  It  must  be  noted  that 
these  permeation  currents  were  calculated  with  respect  to  the  steady-state  permeation  currents, 
which  are  non-zero,  and  equal  0.26  pA/cm^  in  the  case  of  Ni-Zn-P  coatings  as  seen  in  Figure  33. 
For  an  applied  overpotential  of  -300  mV,  the  permeation  current  increased  to  a  value  of  0.64  x 
10  ®  A/cm^  in  case  of  Ni-Zn-P  deposited  steel,  while  Zn-Ni  coatings  gave  a  permeation  current 
density  of  7.1  x  10  ®  A/cm^.  For  Cd  deposited  steel,  application  of  a  similar  overpotential  showed 
a  permeation  current  density  of  2.2  x  10  ®  A/cm^  [60].  Comparison  of  these  hydrogen  permeation 
currents  with  that  of  uncoated  steel  at  an  applied  overpotential  of -300  mV,  shows  that  Ni-Zn-P 
coatings  reduces  the  hydrogen  influx  into  the  steel  substrate  by  94%  as  compared  to  80%  and 
35%  for  Cd  and  Zn-Ni  coating  respectively.  Figure  36  gives  the  hydrogen  entry  efficiency 

(defined  as  —  x  lOO)  for  the  various  coatings.  The  hydrogen  efficiency  for  Cd  deposited  steel 
ic 

was  calculated  using  data  from  previous  analysis  [60].  We  can  see  from  the  graph  that  Ni-Zn-P 


41 


deposited  steel  exhibits  lower  hydrogen  entry  efficiency  than  Zn-Ni  and  Cd  coatings.  This  shows 
that  Ni-Zn-P  coating  allows  lower  amount  of  the  evolved  hydrogen  atoms  to  permeate  into  the 
substrate.  In  order  to  analyze  the  observed  decrease  in  permeation  current  for  Ni-Zn-P  coating,  it 
is  important  to  evaluate  the  various  kinetics  parameters  governing  hydrogen  evolution  and 
permeation  for  the  various  coatings. 

Several  models  have  been  published  in  literature  to  explain  the  hydrogen  entry  into 
metals  and  to  evaluate  the  kinetic  and  permeation  parameters  required  to  explain  the  process  [53- 
57].  The  Tafel  slope  and  d-n/dlog(ia)  relationship  that  is  obtained  for  any  particular  system 
determines  the  selection  of  an  appropriate  model  that  can  be  used  to  evaluate  the  kinetics 
parameters  for  hydrogen  permeation.  As  the  ic-T|  slopes  for  Zn-Ni  and  Ni-Zn-P  alloys  has  a  range 
of  120-130  mV/decade  and  dT|/dlog(ia)  shows  a  value  of  240-260  mV/decade,  the  coupled 
discharge  -  chemical  recombination  mechanism  is  valid  for  these  alloys.  Hence  the  hydrogen 
permeation  analysis  for  these  alloys  was  performed  using  the  lyer-Pickering-Zamanzadeh  (I-P-Z) 
model  [56].  The  I-P-Z  mechanistic  model  assumes  that  during  hydrogen  discharge  on  the  surface, 
q  »  RT/F  so  that  the  backward  reactions  are  negligible  and  the  surface  coverage  is  low  enough 
so  that  a  Langmuir  isotherm  can  be  used  for  the  hydrogen  coverage.  With  these  assumptions  and 
after  suitable  modifications,  the  following  relationships  were  obtained  to  correlate  the  hydrogen 
charging  (cathodic)  current  ic  and  the  permeation  current  ia  with  the  various  kinetic  parameters 
[18]: 


The  transfer  coefficient,  a,  required  for  the  parameter  estimation  was  derived  by  solving  a 
quadratic  equation  involving  Sc  and  Sa,  the  cathodic  and  anodic  slopes  obtained  from  Figures  34 
and  35  [18].  Out  of  the  two  roots  for  a,  the  one  that  resulted  in  negative  values  of  and  k  was 
neglected. 
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The  square  root  of  the  recombination  current  density  (^Ji^ )  vs.  the  permeation  current 
density  (4)  for  Ni-Zn-P  and  Zn-Ni  are  given  in  Figure  37.  As  seen  in  the  figure,  the  plots  are 

linear  and  pass  through  the  origin  for  Zn-Ni  and  Ni-Zn-P  alloys,  which  is  in  agreement  with 
equation  3.  To  ascertain  the  validity  of  the  model  further  and  for  parameter  estimation.  Figure  38 
is  used  to  verify  the  linear  dependence  between  and  as  seen  in  equation  4.  Figure  38 

shows  that  both  Zn-Ni  and  Ni-Zn-P  exhibit  linear  slopes,  thus  validating  the  application  of  this 
model  to  analyze  the  experimental  results.  The  slopes  and  intercepts  in  Figure  38  are  used  to 
calculate  and  k"  for  Ni-Zn-P  and  Zn-Ni  coated  steel  (the  value  of  b  is  known  and  remains  the 
same  for  both  coatings).  Knowing  and  k  ,  is  then  calculated  from  the  slope  obtained  from 

Figure  37  for  Zn-Ni  and  Ni-Zn-P  coated  steel. 

The  surface  coverage  of  hydrogen  was  calculated  using  equation  31  and  is  plotted  as  a 
function  of  applied  overpotential  for  the  various  coatings  in  Figure  39.  The  surface  coverage  in 
case  of  Ni-Zn-P  and  Zn-Ni  coated  steel  remained  low  at  all  applied  potentials.  This  result 
validates  the  assumption  of  Langmuir  isotherm  for  hydrogen  surface  coverage  and  hence  the 
application  of  the  I-P-Z  model  for  the  case  of  Zn-Ni  and  Ni-Zn-P  alloys  [56]. 

Comparison  of  Hydrogen  Permeation  Properties: 

Table  6  summarizes  different  constants  that  characterize  the  hydrogen  permeation  in  Ni- 
Zn-P,  Zn-Ni  and  Cd  coated  steel.  The  data  shown  for  Cd  deposited  steel  has  been  taken  from  our 
previous  work  [60].  The  thickness  of  the  coating  was  assumed  to  be  negligible  when  compared  to 
the  thickness  of  the  steel  membrane.  Thus,  any  effect  of  the  coating  on  the  diffusion  of  hydrogen 
is  neglected.  The  accuracy  of  the  computed  values  of  transport  and  kinetic  properties  are 
primarily  dependent  on  the  accuracy  of  the  diffusivity  value  [62].  Hence,  a  diffusion  coefficient 
value  of  2.67  x  10'^  cm^/sec  was  used  in  these  caleulations  [62].  As  seen  from  the  table,  the 
value  was  the  highest  in  case  of  Zn-Ni  coated  steel,  when  compared  to  those  of  Ni-Zn-P  and  Cd 
coated  steel.  Zn-Ni  alloy  has  a  high  concentration  of  Zn  that  makes  the  corrosion  potential  more 
negative  (-1.083  V  vs.  SCE),  thus  making  the  alloy  susceptible  to  high  hydrogen  evolution  [61]. 
However,  in  the  case  of  Ni-Zn-P  alloy,  the  Zn  content  in  the  alloy  is  reduced  to  16.2-wt%  and  the 
corrosion  potential  shifts  to  a  more  positive  value  of  -0.652  V  vs.  SCE.  This  also  causes  the 
observed  decrease  in  the  exchange  current  density  indicating  slower  discharge  kinetics  of 
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hydrogen  evolution  for  Ni-Zn-P  alloys.  Comparison  of  the  adsorption-absorption  coefficient 
shows  that  k"  was  the  largest  for  Cd  coated  steel  followed  by  Zn-Ni  and  Ni-Zn-P.  However, 
there  is  a  large  increase  in  the  value  of  recombination  rate  constant  for  Zn-Ni  alloy,  when 
compared  to  Ni-Zn-P  and  Cd.  However,  the  large  adsorption-absorption  rate  constant  for  Zn-Ni 
alloys  coimters  the  effect  due  to  the  increased  recombination  rate  constant  and  hence  the 
observed  hydrogen  permeation  is  the  highest  for  Zn-Ni  alloy.  For  Cd,  even  though  the  exchange 
current  density  for  hydrogen  evolution  is  the  lowest  among  the  three  coatings,  the  large 
adsorption-absorption  rate  constant  and  low  value  of  recombination  rate  constant  ensures  that 
most  of  the  evolved  hydrogen  permeates  into  the  substrate.  However,  Ni-Zn-P  alloy  combines  the 
advantage  seen  in  both  these  coatings  -  it  exhibits  low  exchange  current  density  and  at  the  same 
time  has  high  recombination  rate  constant.  Such  a  favorable  combination  of  these  properties  in 
the  case  of  Ni-Zn-P  alloys  enables  it  to  allow  lower  amount  of  hydrogen  to  permeate  into  the 
substrate  than  Zn-Ni  and  Cd  coatings. 
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4.  Conclusion 


A  mathematical  model  based  on  mixed  potential  theory  was  developed  to  explain  the 
reactions  happening  during  Ni-Zn-P  deposition  process.  The  concentrations  of  the  Zn  and  Ni 
complex  species  for  the  model  were  obtained  by  solving  the  material  balances  in  addition  to  the 
electroneutrality  condition  and  equilibrium  relations.  Based  on  the  model,  it  was  seen  that 
adsorption  plays  a  significant  role  in  the  deposition  process  and  controls  the  rate  of  deposition.  It 
was  also  seen  that  addition  of  Zn  ions  to  the  bath  inhibits  the  deposition  rate  by  changing  the 
coverages  for  the  adsorbed  reactants  on  the  electrode  surface.  It  was  also  experimentally 
confirmed  that  the  addition  of  Zn  ions  to  the  bath  increases  the  polarization  resistance,  thereby 
decreasing  the  plating  rate.  The  composition  of  the  coating  was  obtained  by  obtaining  the  partial 
current  densities  for  the  deposition  reactions  of  Ni,  Zn  and  P.  The  effect  of  pH  on  the  deposition 
process  was  also  studied.  It  was  seen  that  the  increase  in  pH  increases  the  deposition  rate  for  the 
process.  The  results  obtained  from  the  model  agree  very  well  with  the  experimental  observations, 
validating  the  mechanism  assumed  in  the  mathematical  model. 

Composite  Ni-Zn  alloys  with  different  amounts  of  Zn  were  prepared  by  controlling  the 
deposition  parameters  such  as  applied  potential,  pH  and  amount  of  ZnS04  in  the  bath.  Material 
characterization  studies  on  the  resultant  coatings  showed  the  co-deposition  of  Zn  and  Ni.  The  Zn 
content  in  the  alloy  can  be  controlled  by  varying  the  applied  potential,  Zn^^  concentration  in  the 
bath  or  by  adjusting  the  bath  pH.  Electrochemical  characterization  studies  reveal  that  composites 
with  28-wt%  Zn  have  rest  potential  more  electronegative  to  steel  and  hence  are  applicable  as  a 
sacrificial  coating  for  the  protection  of  steel.  This  optimal  Zn  content  in  the  alloy  is  obtained 
when  deposition  with  a  ZnS04  concentration  of  15  g/L,  at  pH  10.5  and  60  °C.  The  high  Ni 
content  (72-wt%)  ensures  the  superior  corrosion  resistance  of  the  composite  alloy  as  compared  to 
conventional  Zn-based  coatings  obtained  by  electrolysis.  Polarization  resistance  studies  reveal  a 
five-time  increase  in  the  resistance  value  for  the  Ni-Zn  coating  over  that  of  Cd.  The  low  potential 
difference  that  exists  between  the  coating  and  the  substrate  results  in  a  lower  dissolution  rate  for 
the  deposited  alloy  as  compared  to  Zn,  Zn-Ni  and  Cd  coatings.  Owing  to  its  excellent  corrosion 
properties,  this  new  non-anomalous  Ni-Zn  alloy  can  be  considered  as  an  ideal  replacement  for 
cadmium  coatings. 
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A  novel  electroplating  process  has  been  devised  to  obtain  corrosion  resistant  Zn-Ni-Cu 
coatings.  It  has  been  shown  that  use  of  a  ternary  alloying  element  like  CUSO4  in  small  amounts 
can  alter  the  Zn:Ni  ratio  in  the  deposit.  Material  characterization  studies  performed  on  the 
resulting  deposits  showed  the  codeposition  of  Cu  along  with  Zn  and  Ni.  Increasing  the  stirring 
speed  increases  the  Cu  and  Zn  content  in  the  deposit  with  a  decrease  in  the  Nickel  content.  This 
is  attributed  to  the  kinetics  of  the  deposition  process;  Cu  and  Zn  deposition  are  diffusion  limited 
while  Nickel  deposition  is  a  kinetically  limited  process.  The  observed  decrease  in  the  nickel 
content  arises  out  of  the  increase  in  the  mass  transfer  limited  Cu  and  Zn  reduction  processes. 
Beyond  a  concentration  of  1  g/L  of  CUSO4,  Cu  deposition  dominates  the  whole  process.  With  the 
use  of  1  g/L  of  CUSO4,  a  corrosion  resistant  Zn-Ni-Cu  deposit  with  a  Zn:Ni  ratio  of  1.3:1  and 
corrosion  potential  of  -0.69  V  was  obtained.  Electrochemical  Impedance  Spectroscopy  and 
polarization  studies  show  the  corrosion  resistance  of  this  sacrificial  coating  is  nearly  five  times 
that  of  the  conventional  Zn-Ni  alloy.  This  increased  corrosion  resistance  is  attributed  to  the 
barrier  properties  arising  from  the  higher  nickel  content  in  the  deposit.  The  new  Zn-Ni-Cu  alloy 
deposited  shows  increased  corrosion  resistance  and  barrier  properties  in  comparison  with 
conventional  Zn-Ni  and  Cd  coatings. 

The  hydrogen  permeation  characteristics  of  Ni-Zn-P  coated  steel  was  evaluated  under 
cathodically  polarized  conditions  and  was  compared  with  those  of  Zn-Ni  and  Cd  coated  steel.  It 
was  seen  that  Ni-Zn-P  coating  exhibits  much  lower  permeation  current  density  (0.64  pA/cm  ) 
than  Zn-Ni  (7.1  pA/cm^)  and  Cd  (2.2  pA/cm^)  coatings  under  similar  conditions.  To  understand 
this  reduction  in  permeation  currents  for  Ni-Zn-P  alloy,  the  experimental  results  were  analyzed 
using  the  I-P-Z  model  to  estimate  the  parameters  that  control  hydrogen  evolution  and  permeation 
kinetics.  The  surface  hydrogen  coverage  remains  low  for  Zn-Ni  and  Ni-Zn-P  coatings,  thus 
validating  the  assumption  of  Langmuir  isotherm  for  hydrogen  coverage  and  hence  the  use  of  I-P- 
Z  model  for  data  analysis.  Analysis  of  the  experimental  data  reveals  that  the  adsorption- 
absorption  constant  is  the  highest  for  Cd  coated  steel,  which  indicates  that  the  rate  at  which 
hydrogen  is  absorbed  into  the  substrate  is  the  highest  in  Cd  coating.  Even  though  Zn-Ni  coating 
has  the  highest  recombination  constant  among  the  three  alloys,  the  high  hydrogen  evolution 
current  density  and  the  high  absorption-adsorption  constant  still  makes  it  susceptible  to  high 
hydrogen  permeation  as  seen  from  the  experimental  results.  It  was  seen  that  Ni-Zn-P  alloy 
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combines  the  advantages  seen  in  both  Zn-Ni  and  Cd  coatings,  i.e.,  have  low  exchange  current 
density  and  high  recombination  constant  ensuring  most  of  the  hydrogen  that  is  adsorbed  on  the 
surface  of  Ni-Zn-P  alloys  recombines  chemically,  thus  reducing  to  a  large  extent  the  hydrogen 
ingress  into  the  substrate. 
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6.  Appendix 

The  electroless  bath  used  for  deposition  consists  of  35  g/L  NiS04  -hHjO,  15  g/L  ZnSO^  -71120, 
85  g/L  Sodium  citrate  and  50  g/L  Ammonium  chloride.  The  variables  to  be  determined  are  as 
follows:  [Zn^^],  [NP],  [Zn(OH)^],  [Ni(OH)^],  [Zn(OH)2],  [Ni(OH)2],  [Zn(NH3)f], 

[NiCNHj)^],  [ZnjCOH)^"^],  [OH  ],  [SO^  ],  and  [HSO^].  The  concentration  of  [H^]  depends  on 
the  specified  pH.  The  equations  used  for  the  determination  of  the  equilibrium  concentrations  are 
Material  balance  on  zinc 

[Z«504]„,=[Z«'^]+[Zn(0/7r]  +  2[Zn2(0//f]  +  [Zn(0/7)2]+[Zn(A/f3)f] 

Material  balance  on  nickel 
[M504L,=[M^"]+[M(0i/r]-h[M(0if)2]  +  [M^ 

Electroneutralitv  conditions 

[//^]+2[Z«'"]+2[M'"]-h[Zn(0//r]+[M(077r]-»-3[Zn2(0//)'"] 

+2[Zn{NH,f:]^2[Ni{NHX]  =  [HSO;]+2iSOl-]+[OH-^ 

The  equilibrium  conditions 
[H*][SOl-]-kS.HSO;]  =  (i 
[Z«^^][07f]  -  k^iZniOHY  ]  =  0 
[Nf^]{OH-]-k^[NiipHy]  =  0 
[H^][OH-]-k,=0 
{Zn^^f[OH-]-k,[Zn^{OHy*]  =  Q 
[Zn{OHy][OH~]-k^=0 
[Ni{OHy][OH-]-t,=0 
[Zn{OHy\[NH,t, -k,[ZniNHyy:]{OH-f  =Q 
[Ni{OHy][NH,t, -k,[NKNHyy:]{OH-f  =0 

The  above  equations  were  solved  simultaneously  by  using  Maple®.  The  various  rate  constants 
used  in  the  equations  are  as  follows:  ki=1.2  x  10^  mol/L,  k2=l.l  x  10^  mol/L,  k3=2.0  x  10 
mol/L,  k4=1.0  X  10  *''  mol^/L^  k5=5.1622  x  10'*  moP/L^  k6=1.3  x  10'*^  mol^/L^  kr=6.3  x  10'*^ 
mol^/L^  k8=2.1  X  10^  mol^/L^  and  k9=1.7  x  10®  mol^/L^ 
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7.  Tables 

Table  1.  Experimental  Conditions  used  in  the  study 


Composition  of  Electrolyte  (g/L) 

NiS04.6H20 

35 

ZnS04.7H20 

5-20 

Sodium  Citrate 

85 

NH4CI 

50 

Sodium  Hypophosphite 

20 

Experimental  Conditions 

Angular  velocity,  00 

400  rpm 

Radius  of  the  disk  electrode,  r 

0.25  cm 

Kinematic  viscosity,  u 

0.012  cm^/s 

pH 

10.5 

Temperature 

00 

c 

n 

Table  2.  Kinetic  Parameters  used  in  the  model 


Kinetic  Parameters 

H2P02' 

(anodic)® 

H2P02‘ 

(cathodic)® 

Ni(NH3)6^^ 

(cathodic)^ 

Zn(NH3)4^^ 

(cathodic)*^ 

(cathodic)'’ 

Diffusion  co-efficient,  D  (cm^/s) 

1.7  X  10'^ 

1.7  X  10'^ 

0.5  X  10'^ 

5.0  X  10*^ 

4.5  X  10'^ 

Exchange  current  density,  io  (A/cm  ) 

7.0  X  lO'^ 

2.0  X  10'^ 

7.5  X  10-^  ® 

7.5  X  10'^® 

1.5x10'^ 

Anodic  transfer  co-efficient,  a 

0.5 

0.5 

0.8 

0.5 

0.7 

Cathodic  transfer  coefficient,  P 

0.5 

0.5 

0.2 

0.5 

0.3 

Number  of  electrons,  n 

2 

1 

2 

2 

2 

Stability  Consteint,  Kj  (X  lO’  mol^/L^) 

0.17** 

2.1  ‘‘ 

a,b,c,d  obtained  from  literature  [37,39,44,45]. 
®  Parameter  assumed  in  this  model. 
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Table  3:  Variation  in  Corrosion  potential  and  Corrosion  current  density  as  a  function  of  Zn 
content  in  the  coatings. 


Zn  content  in  the  deposit 
(wt%) 

Corrosion  potential 
Ecorr 

(V  vs.  SCE) 

Corrosion  current  density 
Icorr 
(A/cm^) 

0 

-0.401 

2.5  X  10'^ 

28 

-0.678 

4.8  X  10-^ 

31 

-0.695 

6.1  X  10’^ 

40 

-0.722 

8.6  X  lO'^ 

52 

-0.752 

1.5  X  10'^ 

Table  4:  Corrosion  properties  of  different  sacrificial  coatings  determined  by  linear  and  tafel 

polarization  studies 


Coating 

Composition  (wt%) 

F 

^corr 

(V  vs.  SCE) 

Icotr 

(A/cm^) 

Corrosion 
rate  (x  10'’“ 
cm/s) 

Zn 

Ni 

P 

Cd/Cu 

Zn 

100 

- 

- 

- 

-1.123 

1.5x10'^ 

39.4 

Zn-Ni 

94.6 

5.4 

- 

- 

-1.083 

3.8  X  lO"^ 

17.7 

Cd 

- 

100 

-0.798 

9.5  X  10'^ 

17.2 

Zn-Ni-Cd 

45 

35 

20 

-0.692 

1.0x10-’ 

4.9 

Ni-Zn-P 

16.2 

74.0 

9.8 

- 

-0.652 

8.5  X  lO-’ 

3.3 

Ni-Zn 

28.0 

72.0 

- 

- 

-0.678 

4.8  X  IQ-’ 

2.9 
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Table  5:  Comparison  of  mechanical  properties  for  the  various  sacrificial  coatings 


Coating 

Adhesion 

Taber  Wear 
index  (mg) 

Micro-hardness 

(HK25) 

Zn 

Good 

29.7 

82 

Zn-Ni 

Mild  flaking 

18.5 

105 

Cd 

Good 

6.0 

240 

Ni-Zn-P 

Good 

8.0 

198 

Table  6:  Kinetic  parameters  characterizing  the  hydrogen  evolution  and  permeation  through 

various  coatings. 


Deposit 

4  (A/cm‘) 

k’  (mol/cm^) 

^3  (mol/cm’-s) 

Ni-Zn-P 

4.69x10-’ 

8.74x10"’ 

1.06x10-* 

Cd 

6.31x10-^ 

7.32x10'^ 

1.66x10"^ 

Zn-Ni 

4.03x10’^ 

1.03x10-^ 

1.15x10"® 
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Figure  3:  Dimensionless  concentration  profiles  for  the  various  reactants  as  a  function  of  distance 
from  the  electrode  surface. 


Figure  4:  Evans  diagram  showing  the  various  reactions  happening  during  the  electroless 
deposition  process  for  a  ZnS04  concentration  of  5  g/L. 
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•S 


Figure  5:  Comparison  of  mixed  potential  Em  and  plating  current  density  ipi  obtained  from  the 
model  and  the  experiments  as  a  fimction  of  ZnS04  concentration  in  the  bath 


Figure  6:  Linear  polarization  studies  performed  during  the  deposition  process  as  a  function  of 
ZnS04  concentration  in  the  bath 
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Concentration  ofZhS04.7H20  (g/L) 


Figure  7:  Variation  in  Surface  Coverages  of  the  different  reacting  species  as  a  function  of  ZnS04 
concentration  in  the  bath 


Figure  8:  Variation  in  Ni  content  as  a  function  of  ZnS04  concentration  in  the  bath. 


ly.u 


Ejqjerimental  P  content 
Model  P  content 
Ejqjerimental  In  content 
Model  Zn  content 


c  14.6 

O 


GO 

O 

Ph 

B  12.4 

o 

U 


5.0  7.5  10.0  12.5  15.0  17.5  20.0 

Concentration  ofZnS04.7H20  (g/L) 

Figure  9:  Variation  in  Zn  and  P  content  as  a  function  of  ZnS04  concentration  in  the  bath. 
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Figure  10a:  Comparison  of  mixed  potential  Em  and  plating  current  density  ipi  obtained  from  the 
model  and  the  experiments  as  a  function  of  pH  of  the  bath. 
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Figure  10b:  Variation  in  Surface  Coverages  of  the  reacting  species  as  a  function  of  bath  pH. 
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Figure  1 1 :  Comparison  of  Ni,  Zn  and  P  contents  of  the  coating  obtained  from  the  model  and  the 
experiments  as  a  function  of  pH  of  the  bath. 
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Cone  of  ZnS04.7H20  (g) 

Figure  12:  Variation  in  the  composition  of  the  coatings  obtained  as  a  fimetion  of  ZnS04.7H20 
concentration  in  the  bath 
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Figure  13a:  Cathodic  Polarization  curves  obtained  from  for  the  alkaline  bath,  in  the  absence  of 
NiS04.6H20  and  ZnS04.7H20  an  in  the  presence  of  ZnS04.7H20 
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Figure  13  b:  Cathodic  polarization  curves  obtained  from  an  alkaline  the  presence  and  absence  of 
ZnS04.7H20. 


Figure  14:  Partial  current  density  of  Ni  and  Zn  in  alloy  and  single  metal  deposition  as  a  function 
of  applied  potential 
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Figure  17:  Tafel  analysis  of  the  Ni-Zn  coatings  as  a  function  of  Zn  content  in  the  final  deposit. 
The  corrosion  potential  becomes  more  electronegative  as  more  Zn  is  included  in  the  deposit 


Figure  18:  Variation  in  composition  of  the  deposit  as  a  function  of  the  pH  of  the  bath. 
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Figure  21:  EDAX  analysis  of  Zn-Ni  alloy  (88-12  %)  and  Zn-Ni-Cu  alloy  (45-35-20%). 
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Figure  22:  Cyclic  voltammogram  of  Zn-Ni-Cu  film  electrodeposited  from  a  solution  of  40  g/L  of 
NiS04.6H20, 20  g/L  of  ZnS04  and  1  g/L  of  CuS04  at  a  scan  rate  of  30  mV/s. 


lI] 


Applied  Potential  (-E  vs.  SCE) 


Applied  Potential  (-E  vs.  SCE) 


a)  0.5  g/L 


b)lg/L 


c)2g/L 


c)4g/L 


Figure  23:  Effect  of  CUSO4  concentration  on  the  alloy  composition  of  electrodeposited  Zn-Ni-Cu  as 
function  of  applied  (negative)  potential. 
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Figure  25:  Effect  of  stirring  on  the  composition  of  Zn-Ni-Cu  alloy  electrodeposited  from  60  g/L  of 
NiS04.6H20,  30  g/L  of  ZnS04.7H20  and  1  g/L  of  CUSO4,  pH  9.0  at  -1.3  V  (vs.  SCE) 
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Figure  26:  Effect  of  ZnS04.7H20  concentration  on  the  composition  of  the  Zn-Ni-Cu  alloy 
electrodeposited  from  60  of  NiS04.6H20,  ZnS04.7H20  in  the  presence  of  a)  1  g/L  of  CUSO4,  and  b) 

2  g/L  of  CUSO4  pH  9.0  at  -1.3  V  (vs.  SCE) 
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Figure  28:  Surface  morphology  of  the  coatings  at  the  three  points  indicated  in  previous  figure 


73 


Figure  29:  SEM  micrograph  of  Zn-Ni-Cu  deposit  obtained  from  the  bath  containing  additives,  0.5  g/L 
dextrin,  and  60g/L  of  sodium  citrate 


Figure  30a:  Linear  polarization  plots  for  the  various  sacrificial  coatings  as  compared  with 
optimized  Ni-Zn  (28-wt%  Zn)  and  Ni-Zn-P  coatings.  The  graph  shows  a  four-times  increase  in 
the  polarization  resistance  for  these  coating  as  compared  to  Cd  coating 
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Figure  30b:  Comparison  of  corrosion  rates  of  various  alloy  coatings 
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Figure  3 1 :  Nyquist  plots  obtained  for  various  coatings  in  71  g/L  Na2S04  and  30.5  g/L  H3BO3 
(pH=7.0)  solution 
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Figure  32  :  Eorr  vs.  time  plot  for  the  various  alloy  coatings  (thickness=2  pm)  immersed  in  71  g/L 
Na2S04  and  30.5  g/L  H3BO3  (pH=7.0). 


Figure  33:  Hydrogen  permeation  current  transients  through  Ni-Zn-P  deposit  as  a  function  of  time  for 
different  applied  cathodic  potentials. 


Figure  34:  Variation  of  cathodic  current  densities  (ic)  as  a  function  of  applied  overpotential  (ti)  for  Ni- 
Zn-P  and  Zn-Ni  deposits. 
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Figure  35:  Variation  of  hydrogen  permeation  current  densities  (ia)  as  a  function  of  applied  overpotential 
(t])  for  Ni-Zn-P  and  Zn-Ni  deposits 
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.Figure  36:  The  hydrogen  entry  efficiency  (ia/ic  x  100)  as  a  function  of  overpotential  (ti)  for  Zn-Ni,  Ni- 
Zn-P  and  Cd  coatings. 
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Figure  38;  Plot  of  hydrogen  charging  function  (ice““’’)  vs.  steady  state  hydrogen  permeation  current  (ia) 
for  Ni-Zn-P  and  Zn-Ni  coating 


Hydogen  Coverage  (0j) 


0.16 


Overpotential  t|  (V  vs.  SCE) 


Figure  39:  Dependence  of  surface  hydrogen  coverage  (0s)  on  the  hydrogen  overpotential  (ti)  for  Ni-Zn-P, 
and  Zn-Ni  coatings. 
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